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INTRODUCTION 


ITH the development in recent years of colchicine techniques and other 

reliable methods for doubling chromosome number in plants, interspecific 
and intergeneric hybrids which formerly could not be maintained because of 
their sterility cin now easily be rendered fertile and true-breeding. The ready 
source of essentially new species thereby made available is rather strictly lim- 
ited, however, by the failure of many crosses between reasonably close rela- 
tives to yield viable hybrids. 

Noteworthy progress has recently been made toward extending the limits of 
crossability. The discovery by Larpach (1925) that the embryos of certain 
inviable hybrid seeds can be dissected out and grown on artificial media, 
coupled with the recent development by vAN OVERBEEK, CONKLIN, and 
BLAKESLEE (1942) of methods for culturing extremely young ernbryos, should 
permit many otherwise impossible crosses to be made. Certain other devices, 
notably the style-shortening technique of MANGELSDoRF and. REEVES (1931) 
and the mixed pollinations of BEASLEY (1940), have served in special instances 
to make possible the production of hybrids. 

An important barrier to hybridization which cannot be overcome by any 
of the foregoing methods is the lethality of hybrid seedlings. In the genus 
Crepis, BaBcock and NAVASHIN (1930) reported that 19 out of 103 interspecif- 
ic hybrids were abnormal or weak, in most cases dying before reaching the 
flowering stage; and East (1935a) found 14 inviable types in 77 hybrid com- 
binations in Nicotiana. The very early stage at which some hybrid seedlings 
die makes it probable that there are numerous comparable instances where the 
embryo dies before maturity of the seed. Such lethal embryos would presuma- 
bly not be subject to removal from the seed and successful culture on an arti- 
ficial medium. 

Only an indirect method is yet available for overcoming the lethality of 
hybrid embryos or seedlings, and this is the substitution of varieties or strains 
which give viable hybrids. This method has thus far been utilized in isolated 
instances only. Genetic studies may indicate whether or not it is generally 
applicable. 

The present report deals chiefly with the genetics of the lethality of hybrids 
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MINISTRATION, U. S. DEPARTMENT OF AGRICULTURE, and the Fretp Crops DEPARTMENT, MIs- 
SOURI AGRICULTURAL EXPERIMENT STATION. Journal Paper No. 808 of the Missouri Station. 
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between Triticum monococcum and Aegilops umbellulata. Also included are data 
on the semi-lethality of hybrids of T. aegilopoides with Ae. bicornis and on 
non-crossability of T. monococcum with Haynaldia villosa. 


REVIEW OF LITERATURE 


HOLLINGSHEAD (1930) was the first to analyze genetically a difference be- 
tween varieties or strains in viability of their hybrids with another species. She 
found in certain strains of Crepis tectorum a single factor which caused invia- 
bility of hybrids with C. capillaris, C. leontodontoides, and presumably with 
C. bursifolia, but which was without apparent effect in C. tectorum itself. A 
similar situation, except that the affected hybrids were merely sickly and of 
reduced vitality rather than inviable, was observed by LEHMANN (1939) in 
crosses of two biotypes of Epilobium hirsutum with E. adenocaulon. MELCHERS 
(1939) found that a single factor in Hutchinsia alpina resulted in inviability 
of hybrids with H. brevicaulis, the inviability being expressed so early as to 
result in the production of empty, non-germinable seeds. SEARS (1940) re- 
ported a single factor in Triticum monococcum to be responsible for inviability 
of hybrids with Aegilops umbellulata. 

The foregoing studies have shown the constitution of only one parent of each 
inviable hybrid. Presumably each other parent also carries some genetic im- 
perfection, else its genome would make the hybrid viable. Each parent of the 
semi-lethal hybrid between a strain of Gossypium arboreum and various strains 
of G. herbaceum and G. arboreum has been found by HuTcHINSON (1932) and 
StLow (1941) to possess a single, dominant gene for hybrid inviability. When 
both parents are considered, two complementary factors are thus involved. 
Analysis of both parents was possible in this case because they were closely 
enough related that their hybrid, which occasionally lived to flower, produced 
viable seed. 

KostorF (1936) found that Nicotiana rustica var. texana formed viable hy- 
brids with N. glauca, while N. rustica var. humilisXN. glauca gave hybrids 
which died as early embryos; but no genetic analysis was attempted. MAn- 
GELSDORF and REEVES (1939) noted that occasional plants of Zea mays X Trip- 
sacum dactyloides were extremely weak and slow to develop. 

In animals, also, factors for inviability of interspecific hybrids have been 
discovered. Crow (1941, 1942) found in a strain of Drosophila aldrichi a gene, 
or possibly a series of genes, on the X chromosome which had no noticeable 
effect within the species but which acted as a dominant semi-lethal in crosses 
with D. mulleri and probably with D. mojavensis and D. arizonensis. A similar 
gene or set of genes was suspected to be effective in D. mulleri X D. mojavensis. 


MATERIALS 


The einkorns, the varieties of Triticum with seven pairs of chromosomes, 
are usually classified into two species, T. monococcum L. and T. aegilopoides 
Bal. ex Kérn. (incorrectly listed as T. aegilopoides Forsk. by SEARS 19414). 
However, interspecific crosses are easily made, and the hybrids are of normal 
fertility (SmiTH 1936). When T. aegilopoides var. baidaricum Flaksb. is crossed 
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with other varieties of the aegilopoides-monococcum complex, the F; plants have 
a ring of four chromosomes at meiosis and show considerable sterility. The 
sterility is not due to the ring, however, but to one or a few genetic factors, 
since some plants in F, form varietal hybrids which possess the ring but are 
almost fully fertile, while others have no ring but are largely sterile (SmiTH 
unpublished). T. aegilopoides var. Thaoudar (Reut.) Percival is often given 
specific rank as T. Thaoudar Reut. 

T. aegilopoides was represented in this investigation by the varieties 
baidaricum, pubescentinigrum Flaksb., Pancici Flaksb., and Thaoudar, and 
T. monococcum by the varieties flavescens Kirn. and Hornemanni (Clem.) 
K6rn. and by F, to Fg lines of var. vulgare Korn. X var. flavescens. Also used 
were F; and F, lines of T. monococcum var. vulgare XT. aegilopoides var. baida- 
ricum and of (T. aegilopoides var. baidaricum X var. pubescentinigrum F,) X(T. 
monococcum var. vulgareXT. aegilopoides var. baidaricum F ). These lines, 
which had been subjected in segregating generations to selection for characters 
mostly from T. aegilopoides, will be referred to hereafter as T. aegilopoides 
derivatives. They and the T. monococcum vulgare-flavescens lines were obtained 
from Dr. LUTHER SMITH. 

Seed of Aegilops umbellulata Zhuk. was obtained from Dr. ELIzABETH 
SCHIEMANN of the INsTITUT FUR VERERBUNGSFORSCHUNG DER LANDWIRT- 
SCHAFTLICHE HocHSCHULE, Berlin-Dahlem, Germany. Haynaldia villosa (L.) 
Schur came from Mr. W. J. SAnpo of the U. S. DEPARTMENT OF AGRICULTURE, 
Washington, D. C. Ae. bicornis (Forsk.) Jaub et Spach was supplied by Mr. 
C. O. JoHNsTON of the U. S. DEPARTMENT OF AGRICULTURE, Manhattan, Kan- 
sas. Each of these three species has seven pairs of chromosomes. 


HYBRIDS WITH AEGILOPS UMBELLULATA 
Viable Hybrids 


Hybrids of Ae. umbellulata with T. aegilopoides vars. baidaricum, pubescen- 
tinigrum, Pancici, and Thaoudar, and with the T. aegilopoides derivatives, were 
normal, viable plants. Amphidiploids of var. baidaricumX Ae. umbellulata 
have been produced and described (SEARS 1941a). Chromosome pairing in the 
sterile, non-doubled hybrids averaged 5.78 univalents, 2.88 bivalents, and 0.82 
trivalents per microsporocyte (SEARS 1941b). 


Inviable Hybrids 


Hybrids of Ae. umbellulata with all tested varieties and derivative lines of 
T. monococcum were inviable, irrespective of which species was used as the fe- 
male parent. Hybrid seeds were easily obtained as a rule. Only one seed was 
formed on seven pollinated spikes of var. Hornemanni and but four on two 
spikes of var. flavescens, but some of the derivative Triticum material yielded 
up to 50 percent seed set on some spikes—that is, 10 to 15 seeds. Seeds were of 
normal size and plumpness. 

Two distinct types of lethality were observed, one being expressed much 
earlier than the other. 
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Ficure 1. Early-dying, inviable hybrids of T. monococcumX Ae. umbellulata, showing the 
range in size attained and some of the abnormalities which occur. X 1.65. 

FicureE 2. (b to d) Late-dying, inviable hybrids, shown with their parents, (a) Triticum 
monococcum and (e) Aegilops umbellulata, at a time when growth had ceased in the hybrids. 


X0.42. 
FiGuRE 3. (a) An extreme late-dying hybrid of T. monococcum X Ae. umbellulata in comparison 


with (b) a younger viable hybrid with a comparable amount of top growth. Xo.22. 
Early-Dying Hybrids 
When Ae. umbellulata was crossed with T. monococcum var. flavescens or 
with certain derivatives of hybrids between var. flavescens and T. aegilopoides, 
death occurred shortly after germination. Figure 1 shows some typical hybrids. 
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The stage at which development ceased varied from almost immediately after 
the pericarp was broken to when two stunted leaves were present. It is prob- 
able that death occasionally occurred before the testa was broken, since seeds 
which failed to germinate were somewhat more common than in normal ma- 
terial. Approximately half of the seedlings were visibly abnormal, particu- 
larly in a tendency toward multiplication of the number of shoots. As many as 
five separate coleoptiles were noted in a single seedling, two of these emerging 
from the bottom, or furrowed, side of the seed. If a single coleoptile was 
present, it was sometimes enlarged or forked. Roots were usually absent, 
though a single, very short root, usually with a bulbous tip, was occasionally 
formed. 

Only four seeds were obtained of T. monococcum var. flavescens X Ae. um- 
bellulata, and two of these failed to germinate, while the other two died at an 
extremely early stage. It is believed that a larger population would have con- 
tained some seedlings which would die at somewhat later stages, for there 
was no indication in F, populations from var. flavescens XT. aegilopoides that 
the variation in time of death of hybrids with Ae. umbellulata was due to the 
segregation of modifying factors introduced by the aegilopoides parent. 


Late-Dying Hybrids 


Hybrids of Ae. umbellulata with the T. monococcum vulgare-flavescens deriva- 
tives survived distinctly longer than did the hybrids with var. flavescens de- 
scribed in the preceding section. Practically all seeds germinated without 
delay, and some seedlings grew at an approximately normal rate until the third 
leaf appeared, or later. Other individuals showed a slow rate of elongation of 
the coleoptile and a delayed emergence of the first leaf, but all developed at 
least two leaves, and these were of considerably greater size than the two 
leaves sometimes produced on the early-dying type of hybrid. Figures 2b, 2c, 
and 2d show typical late-dying hybrids at their final size, while figure 3a is of a 
hybrid which attained unusually large size. Retardation of growth was the first 
symptom of inviability, and this retardation, once initiated, became increas- 
ingly severe, until in from three to seven weeks after planting, no further de- 
velopment occurred. Leaves tended to be darker green than normal until 
growth ceased; then they gradually turned brown, beginning with the youngest 
ones. Leaves were stiffer than normal. The amount of root growth was approxi- 
mately normal for the amount of top development (fig. 3). No seedlings were 
observed with multiple shoots or other abnormality such as described for the 
early-dying type; but some plants developed a tiller in the axil of the coleoptile, 
whereas under the same conditions this tiller did not develop on any plant of 
either parent or of the viable hybrid. 

The single seed obtained of T. monococcum var. Hornemanni X Ae. umbellu- 
lata produced a plant which survived to such a stage as definitely to exclude 
this hybrid from the early-dying group. In fact, its development, under rather 
unfavorable conditions, was such as to suggest an ability to survive longer than 
even the late-dying hybrids. 
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Genetic Data on Viability vs. Inviability 
Hybrids of Ae. umbellulata with F; Plants 


A T. monococcum vulgare-flavescens derivative, carrying the potentiality for 
producing late-dying hybrids with Ae. wmbellulata, was crossed with a T. 
aegilopoides derivative, which had the ability to produce viable hybrids with 
Ae. umbellulata. Two plants from this F; (designated F, No. 1) were then 
crossed with Ae. umbellulata. One produced 16 viable and ten late-inviable off- 


TABLE 1 


Viability of hybrids between Aegilops umbellulata and plants 
of F, No. 1 (late-inviable vs. viable). 





HYBRIDS WITH Age. umbellulata 








F2 PLANT 
NO. VIABLE NO. INVIABLE 

P39-78.1- § Io 
-II 10 
-16 8 2 
-18 7 2 
ze 3 3 
“14 4 2 
- 3 2 2 
.? II 
-10 3 
-17 2 
-2 I 
- 6 I 





spring from 35 seeds, and the other gave three viable and five late-inviable 
plants from 12 seeds. The totals, 19 viable and 15 inviable, are a good fit toa 
1:1 ratio and a rather poor fit to a 3:1 ratio (odds of 42:1 against this large a 
deviation, according to WARWICK’s (1932) tables). This suggests that the two 
Triticum lines differ by a single factor which causes hybrids with Ae. umbellu- 
lata to die. 

A similar test was made of the early-dying type, through a cross of T. 
aegilopoides var. pubescentinigrum XT. monococcum var. flavescens (F, No. 2). 
From three F, plants, 45 seeds were obtained in crosses with Ae. umbellulata. 
These produced 41 hybrids, of which 20 were viable and 21 early-inviable. 


Hybrids of Ae. umbellulata with F, Plants 


From F, No. 1, which came from a cross of a 7. monococcum vulgare-flavescens 
derivative XaT. aegilopoides derivative, 12 plants were tested in crosses with 
Ae. umbellulata, with the results shown in table 1. Two plants produced only 
viable hybrids, five produced both viable and late-inviable hybrids, and five 
produced only late-inviable hybrids. Four of the last group, however, were not 
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tested sufficiently to prove that they could not produce viable hybrids. This is 
a satisfactorily close approach to the expected one-factor ratio of 1 homozygous 
for the viability factor: 2 heterozygous: 1 homozygous for the inviability allele. 
In the segregating families a total of 24 plants were viable and 11 inviable. Al- 
though this is a considerable deviation from the expected 1:1 ratio, as large 
a deviation would occur by chance in four trials out of 100. Between the invia- 
ble hybrid offspring of different plants, and among the inviable offspring of 


TABLE 2 


Viability of hybrids between Aegilops umbellulata and plants of 
F, No. 2 (late-inviable vs. viable). 





HYBRIDS WITH Ae. umbellulata 











F2 PLANT 
NO. VIABLE NO. INVIABLE 

P40-78.3- 8 10 
e I 9 
-7 5 
-4 4 6 
°5 5 5 
-I0 7 3 
-14 2 8 
-18 5 5 
17 6 3 
-9 4 3 
- 2 3 3 
- 6 2 2 
-19 8* 
-22 8* 
-13 I 





* Five of these observations were based on tests of F; plants. 


certain individual plants, there was considerable variation in the amount of 
growth which occurred, but all plants were within the limits previously de- 
scribed for late-dying hybrids. 

Results from F,; No. 2, which was similar to the above except that T. aegi- 
lopoides var. pubescentinigrum was used as one parent instead of the T. aegilo- 
poides derivative, are given in table 2. Of 15 F: plants, three produced only via- 
ble hybrids with Ae. umbellulaia, nine gave both viable and late-inviable, and 
three (from one of which only one hybrid was obtained) yielded only late-invia- 
ble hybrids. This is a reasonable approach to a 1: 2:1 ratio. In the nine segre- 
gating families there were 38 viable and 38 inviable hybrids, a perfect 1:1 ratio. 

F, No. 3 was obtained from 7. monococcum var. flavescens XT. aegilopoides 
var. baidaricum—that is, from early-inviable X viable. F, plants were tested in 
crosses with Ae. umbellulata, with the results shown in table 3. Of ten plants, 
two produced only viable hybrids (but were insufficiently tested to prove them 
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TABLE 3 


Viability of hybrids between Aegilops umbellulata and plants of 
F; No. 3 (early-inviable vs. viable). 











HYBRIDS WITH Aé. umbellulata 





Fe PLANT 
NO. VIABLE NO. INVIABLE 





P39-78.2- 9 2 
-3 I 


-2 
a 
-14 
- 8 
-10 
-I3 
“15 


a 


HHO PP DMN 
ol 


eH HH BW WH WD 


-4 g* 





* Six of these observations were based on tests of F; plants. 





homozygous), seven produced both viable and early-inviable hybrids, and one 
produced only early-inviable hybrids. Again the fit to a 1: 2:1 ratio is satisfac- 
tory. In the segregating families 30 hybrids were viable and 25 inviable—very 
close to a 1:1 ratio. 


Genetic Data on Early vs. Late Inviability 


A derivative plant homozygous for the factor causing early inviability of hy- 
brids with Ae. umbellulata was crossed with another derivative plant homozy- 
gous for the factor for late inviability. From the resulting F, one individual was 
crossed with Ae. umbellulata and 64 seeds were obtained. Of these, 61 germi- 
nated, and 28 were of the early-dying and 33 of the late-dying type. No more 
than the usual variation appeared within each group, with the result that the 
two classes were sharply separated. Less variation than usual was, in fact, ob- 
served in the late-dying group. The 28:33 segregation is a good fit to a one-fac- 
tor difference for early versus late inviability. 

The one-factor difference between early and late inviability may be ex- 
plained in either of two ways: (1) by two factors, L* and L', for early- and late- 
inviability, respectively, which, together with the factor / for viability of hy- 
brids, form an ellelic series; or (2) by one pair of basic factors, L and /, for invia- 
bility and viability, plus a pair of modifiers, M* and M', which cause death to 
occur early or late, respectively. Data are available which show the first hy- 
pothesis to be the correct one. 

On the modifier theory, the T. monococcum varieties which produce early- 
dying hybrids with Ae. umbellulata would be LL M*M*, and the varieties giving 
late-dying hybrids would be LL M'M‘. Since no early-dying hybrids were ob- 
tained when Ae. umbellulata was crossed with late-inviable X viable material 
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(Fi No. 1, F: No. 1, F, No. 2), T. aegilopoides had to be ll M'M'. If this was 
true, however, the early-inviableX viable material (Fi: No. 2, F: No. 3) was 
LL M*M*xXil M'M' and should have produced as many late-dying as early- 
dying hybrids with Ae. umbellulata. Since this material produced no late-dying 
hybrids, the modifier hypothesis appears incorrect. However, different varie- 
ties of T. aegilopoides were used in the early-inviable X viable crosses than in 
the late-inviableXviable material, thereby making possible an explanation 
based on some varieties of T. aegilopoides being ll M'M' and others being 
ll M*M*. To test this theory, derivative plants homozygous for the inviability 
factor were taken from F, No. 1 and F2 No. 2. On the modifier hypothesis these 
derivatives had to be J] M'M'. They were crossed with a derivative plant, 
homozygous for the early-inviability gene, from F, No. 3. This plant had to be 
LL M*M*, and the hybrids L/ M*M'. These hybrids yielded no late-dying off- 
spring, however, when crossed to Ae. umbellulata, thereby definitely disproving 
the modifier hypothesis. Out of 54 seeds, 51 germinated, and these produced 31 
viable and 20 early-inviable seedlings. 

A series of alleles may then be assumed, L* causing early-inviability in hy- 
brids with Ae. umbellulata, L' causing late-inviability, and / permitting via- 
bility. The varieties of T. monococcum are L*L* or L'L' and T. aegilopoides is ll. 


Sources of the Inviability Alleles 


The allele for early inviability occurred only in T. monococcum var. flavescens 
Only early inviability was found in this variety, but all of the material tested 
originated from a single plant. 

The late-inviability allele occurred only in derivative lines from a cross of 
var. flavescens X var. vulgare, and presumably came from var. vulgare. That all 
of the lines tested were homozygous for this allele is attributable to the circum- 
stance that they all originated from the same F; plant. Since the flavescens ma- 
terial used in making this cross was not itself tested in hybrids with Ae. umbel- 
lulata, there is a possibility that the flavescens parent rather than var. vulgare 
contributed the late-inviability gene. 


A Modifier or Modifiers of Late Inviability 


On the theory that the considerable variation observed in the expression of 
the late-inviability gene might be due to modifying factors, an effort was made 
to select for extreme late inviability of hybrids with Ae. umbellulata. Plant 
P39-78.1-16 from F, No. 1 was chosen, because the two inviable hybrids it 
yielded were the longest-lived of any in that particular F; test. Six F; plants 
were grown, of which five produced inviable hybrids (plus viable hybrids 
in two instances) with Ae. umbellulata. These were of only average late invia- 
bility. 

Selections from F; No. 2, however, very strongly indicated the existence of 
a modifier or modifiers. Plant P40-78.3-19, whose three hybrids with Ae. um- 
bellulata showed a wide range in time of death, and P4o0-78.3-22, which pro- 
duced one medium late-dying and two very late-dying hybrids, were grown in 
F;. Hybrids of F; plants with Ae. wmbellulata were scored for size attained, as 
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indicated by the number of tillers formed. Results are shown in table 4. The 
mean numbers of tillers per plant, 0.go+0.27 and 3.35+0.39, are different to a 
highly significant degree. No further study has been made of the extreme late- 
dying strain to determine the number of modifying factors involved or their 
possible reaction with the early-inviability gene. 

The modifier (or modifiers) was probably derived from T. aegilopoides var. 
pubescentinigrum, one of the parents of the F, concerned. However, the other 


TABLE 4 


The final number of tillers produced by hybrids between Ae. umbellulata and the 
offspring of two plants selected from Fz No. 2. 

















NUMBER 
NO. WITH INDICATED NO. OF TILLERS AVE. 
PARENT OF HYBRIDS 
PLANT WITH Ae. 6 7" 
umbellulata 7 : . 3 4 5 en 
P40-78 .3-19 10 6 I I 2 ©.9 
-I9 I I 2.0 
-19 10 7 I 2 0.8 
Total 21 13 I 3 4 0.90 
P40-78 . 3-22 2 2 5.0 
-22 8 I I 2 I 2 I 3.0 
-22 10 I 6 I I I 3.3 
Total 20 2 I 2 7 I 5 2 3-35 





parent, an untested F, plant from a flavescens-vulgare cross, may possibly have 
been the source of the modifier. 


Mode of Action of the Inviability Factors 


Two methods may be suggested by which a factor might cause inviability of 
a hybrid: (1) by failure to produce some substance essential to the proper 
development of the hybrid plant, or (2) by some positive action antagonistic 
to the foreign genome. Evidence is available which favors the former interpre- 
tation of the Triticum monococcum-Aegilops umbellulata inviability. The mul- 
tiple hybrids (J. monococcum X Ae. uniaristata 4n)X Ae. umbellulata and (T. 
aegilopoidesX Ae. umbellulata 4n) X(T. monococcumX Ae. uniaristata 4n) are 
viable, although each contains an inviability factor and an Ae. umbellulata 
genome. If inviability were due to antagonism between an inviability gene and 
the umbellulata genome, this antagonism might be expected to cause lethality 
regardless of what additional genomes were present. 

The absence of an antagonistic action suggests, then, that death of the hy- 
brid is due to a deficiency of some essential substance. It is not unreasonable to 
assume that this deficiency is based in turn on a chromatin deficiency. 


Rt 
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Production of the somewhat more critical multiple hybrid T. monococcum 
X(T. aegilopoidesX Ae. umbellulata 4n) was attempted extensively in both 
directions, but yielded only inviable seeds, such as commonly follow 2n-4n 
crosses in the Triticinae. In both the multiple hybrids obtained, the invia- 
bility factor involved was the one which produces late-dying hybrids with Ae. 
umbellulata. 

HYBRIDS WITH AEGILOPS BICORNIS 


When crossed with Ae. bicornis, certain varieties of einkorn produce inviable 
or poorly viable offspring. These are characterized by the premature death of 





Ficure 4. (a) The viable hybrid Triticum monococcum X Aegilops bicornis in comparison 
with (b) the semi-lethal hybrid 7. aegilopoides X Ae. bicornis. X0.13. 


leaves and by a general lack of vigor. Only two or three spikes are produced at 
best (fig. 4). 

Hybrids of Ae. bicornis with T. aegilopoides vars. baidaricum and pubescen- 
tinigrum are of the inviable type, and hybrids with T. monococcum var. flaves- 
cens and the flavescens-vulgare derivatives are viable. This situation, being 
opposite to that observed for hybrids with Ae. umbellulata, makes it doubtful 
that the umbellulata inviability factor is concerned in the inviability of hy- 
brids with Ae. bicornis. Proof that the factorial basis is different is the fact that 
F; plants from certain individuals in F,; No. 2 produced viable hybrids with 
both Aegilops species and that others produced inviable hybrids with both. 
Furthermore, T. monococcum var. Hornemanni, which produced an inviable 
hybrid with Ae. umbellulata, gave inviable hybrids also with Ae. bicornis. T. 
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aegilopoides vars. Pancici and Thaoudar produced an approximately intermedi- 
ate type of hybrid with Ae. bicornis. 

The genetic data available suggest that inviability is due to a single factor. 
Two F, plants from the cross T. aegilopoides var. pubescentinigrum XT. mono- 
coccum var. flavescens were hybridized with Ae. bicornis, 53 seeds being ob- 
tained. Of the 37 of these which germinated, 20 were viable and 17 inviable. 
This is a close approach to a 1:1 ratio and deviates significantly from a 3:1 
ratio. The inviable plants were quite similar to those obtained from Ae. bicornis 
XT. aegilopoides, with little variation among themselves. 


TABLE 5 


Crossability with Haynaldia villosa of plants from F2 No. 2 (viable versus late- 
inviable) in relation to viability of hybrids between the same 
plants and Ae. umbellulata. 











HYBRIDS NO. SPIKES AVERAGE 
F2 PLANT WITH Ae. POLLINATED BY SEED SET 
umbellulata H. villosa PER SPIKE 
P40-78.3- 4 Segregating 3 6.3 
- 5 Segregating 4 0.0 
-10 Segregating 2 0.0 
-14 Segregating 3 2.3 
-18 Segregating 3 4.0 
-17 Segregating 3 0.0 
-9 Segregating 2 0.0 
-2 Segregating 3 53.7 
- 6 Segregating I 6.0 
- 8 Viable 2 1.0 
-1I Viable 3 0.0 
-7 Viable I 17.0 
-19 Inviable 2 5.0 
-22 Inviable 2 1.0 
-13 Inv. or segr. I 0.0 





CROSSABILITY WITH HAYNALDIA VILLOSA 


Whereas T. aegilopoides vars. baidaricum and pubescentinigrum produced 
viable hybrids with Haynaldia villosa, the T. monococcum vulgare-flavescens 
derivatives produced no seeds when pollinated by H. villosa. Furthermore, the 
T. aegilopoides derivatives, which produced viable hybrids with Ae. umbellu- 
lata, were crossable with H. villosa, although there was a possibility for them to 
have inherited non-crossability from 7. monococcum, from which they were in 
part derived. These circumstances suggested that the same factor which caused 
inviability of hybrids with Ae. umbellulata might also prevent crossability with 
H. villosa, through being effective so early as to cause death of immature em- 
bryos and seeds. 
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To test this possibility, the plants in F, No. 2 were pollinated by H. villosa. 
Table 5 summarizes the results. The data show that the factor for inviability of 
hybrids with Ae. umbellulata is not responsible for non-crossability with H. vil- 
losa. Plants 19 and 22 were inviable with Aegilops and crossable with Haynal- 
dia, while plant 1 did not cross with H. villosa and yet formed viable hybrids 
with Ae. umbellulata. 

The fact that nine out of 15 F, plants were crossable with H. villosa suggests 
that a single factor for crossability may be operating. The approach to a 3:1 
ratio is reasonably good and may actually be better than indicated, since more 
extensive trials of the six sterile combinations might have shown one or more 
to belong in the fertile group. 


DISCUSSION 


Genetic data are now available concerning several inviable interspecific and 
intergeneric hybrids. Only in Gossypium, however, has the inviable hybrid it- 
self been subjected to analysis, and this hybrid cannot be considered a typical 
inviable Fj, since the parents are quite closely related. In every other instance 
the data merely show that two strains or varieties of one species differ by a 
single factor in the viability of their hybrids with a second species. There is 
therefore no direct evidence as to how many genetic factors may actually be 
concerned in bringing about the inviability of the hybrids. Inviability could 
depend on several cumulative factors, perhaps deficiencies, from each parent 
species, all necessary to bring about inviability. Any variety lacking one of 
these factors would produce viable hybrids with the other species, and this 
factor would be the only one detectable unless other varieties of still different 
constitution were available. Some of the inviability factors would have to be 
compensated for in the parent species, in order that this species be viable. 
These compensating factors would need to be recessive, since they are inactive 
in the species hybrid. 

The number of factors involved in interspecific inviability probably depends 
to a considerable extent upon the degree of differentiation of the species at the 
time when the factors appeared. If the factors arose more or less accidentally 
after the two species were established, as a result of these species becoming 
more and more diverse, then several or many factors are indicated, since the 
inheritance of other interspecific differences have proved to be complex (East 
1935b, and others). If, on the other hand, the inviability factors arose before 
the two types became differentiated into species, and served as aids to isola- 
tion, then simple, complementary factors might be expected. Complementary 
inviability factors which could serve as varietal isolating mechanisms favoring 
speciation have been reported in Gossypium (HUTCHINSON 1932; SILOW 1941), 
Hordeum (WIEBE 1934), and Triticum (CALDWELL and CoMPTON 1943). 

If several factors or deficiencies are ordinarily responsible for hybrid invia- 
bility, it might be anticipated that differences of two or more factors might be 
found between varieties in the viability of their hybrids with another species. 
Such differences would tend to be rare, however, because the only varieties 
which can be analyzed are those which are closely enough related to yield fer- 
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tile, normally segregating hybrids with each other; and such closely related 
varieties usually differ in comparatively few factors. 


SUMMARY 


Two alleles have been identified in Triticum monococcum which act as domi- 
nant lethals in hybrids with Aegilops umbellulata, but which are without effect 
in T. monococcum itself. The alleles differ in the earliness with which they cause 
death. A third, normal allele is present in the closely related T. aegilopoides. 
Multiple hybrids combining the normal allele and one of the inviability factors 
with the Ae. umbellulata genome are viable. 

Semi-lethality occurs in hybrids of Ae. bicornis with certain of the Triticum 
varieties, while hybrids with another variety are viable. This inviability is ap- 
parently monofactorially determined. 

Non-crossability of T. monococcum with Haynaldia villosa appears also to be 
simply inherited. 

The existence of a single-factor difference between two varieties with respect 
to viability of their hybrids with another species does not establish that only a 
single factor is involved in the interspecific inviability. There could be several 
factors from each species, all necessary for inviability of the hybrid, but only 
one revealed by the varietal difference. 
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INTRODUCTION 


NVESTIGATIONS have been initiated to determine the possibility of im- 

proving soft chess, Bromus mollis L., for range purposes. Thus far these 
investigations have had a rather broad basis. The range of intraspecific varia- 
tion was studied with a view to obtaining more suitable selections of this 
species—a report on this study is in press (KNOWLES 1943). Another avenue of 
investigation was to explore the possibility of hybridizing B. mollis with other 
brome species—the present report indicates the progress that has been made. 
The primary purpose of this effort was to discover some indication of the rela- 
tion of this species to some other species of the genus, but it was also hoped 
that some hybrid or hybrid derivative might have a practical value. 


REVIEW OF LITERATURE 


The literature on hybridization of Bromus species is very limited. Most of 
it is European, and very little of it can be related to the studies here. 

HOLMBERG (1924) reported the occurrence of natural hybrids between a 
number of Bromus species. The condition of sterility in natural hybrids of 
B. mollis and B. hordeaceus L. was believed to be a basis for considering each of 
these a distinct species. 

NILSSON (1931, 1937) crossed the species B. mollis and B. hordeaceus and 
found the F; to be as fertile as the parents, and the F, and later generations to 
segregate for differences between parental species. He concluded that these 
species are ecotypes of a single ecospecies. 

Cuenac and Camus have submitted a series of reports in the period 1931- 
1940 (see literature cited) in which they described natural hybrids of brome 
species and conducted artificial hybridizations to verify the occurrence of these 
hybrids. FourILLADE (1933, 1936) criticized some of the conclusions of CuGNac 
and Camus. The reports of these authors do not bear on the present study and 
will not be discussed further. 

ULLMAN (1936) and HeRtzscu (1938) have reported that they obtained F, 
seed from interspecific hybridizations in brome. 

Chromosome numbers of Bromus species have been reported by various au- 
thors. The number of species studied by each was as follows: AVDOLOV (1931) 
19 species, Beck and Horton (1932) three species, HARLAN (1942) one species, 
KATTERMAN (1930) one species, NIELSEN (1939) three species, NILSSON (1937) 


* The cost of the half tone illustrations is borne by the Galton and Mendel Memorial Fund. 

1 Part of a dissertation submitted to the UNIVERSITY OF CALIFORNIA in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 

? Graduate student. The writer is indebted to Dr. R. M. Love, who suggested this problem 
and advised upon its direction. 
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two species, STAHLIN (1929) 32 species, and STEBBINS and Love (1941) six 
species. 


MATERIAL AND METHODS 


Fourteen species have been employed in these hybridizations. H1rcHcock’s 
(1935) descriptions of these species have been used and also his classification 
of the genus into sections. Table 3 lists the species acccording to section, and 
also lists the chromosome number and country of origin for each species. The 
hybridizations that were attempted are given in table 1. 

Hybridizations were made using the technique outlined by Hayes and Im- 
MER (1942). Generally a cross was made more easily in one direction than in the 
other, so that the reciprocal combination of two species was not always at- 
tempted. B. mollis proved to be a very suitable maternal parent, since the 
anthers were reasonably large (1-2 mm in length), and the lemma and palea 
were easily separated by tweezers to remove the anthers. 

Cleistogamy has complicated the techniques used in these studies, where it 
has appeared only in B. carinatus. Some strains of this species, when used in the 
greenhouse hybridizations at Berkeley, during February 1941, produced long 
anthers (8-9 mm in length) with abundant pollen. They served, consequently, 
as excellent pollen parents. But these same strains, when grown in the green- 
house at Davis during the following winter, 1941-42, were all cleistogamous. 
One strain, No. 6,—the only strain discussed in these studies,—which headed 
much earlier than the others, produced anthers about 3 mm long in the late 
spring. Field seedings made at Davis in the fall of 1940 were cleistogamous the 
following spring, but during the spring of 1942 the early tillers produced chas- 
mogamous flowers with long anthers on the early tillers; late tillers were again 
cleistogamous. HARLAN (1942) has studied in detail the cleistogamy in strains 
of B. carinatus. 

F, hybrids, when they were obtained, were grown at Davis in the greenhouse 
together with plants of the parental species. Comparisons were made for many 
characters, but only a few will be included here. These are: (1) Days to head: 
The number of days from seeding to the emergence of the first panicle-—(2) 
Tiller length in centimeters: The three tallest tillers from each plant were 
measured and the mean of the three recorded.—(3) Surface of node: This was 
classified as pubescent, intermediate, or scabrous—(4) Length of panicle in 
centimeters: The panicles of the three tallest tillers were measured and the 
mean recorded. —( 5) Total number of spikelets: The mean number of spikelets 
on the three panicles of No. 4.—(6) Lemma length in millimeters: The mean 
lemma length of all lemmas of three average spikelets from one plant.—(7) 
Awn length in millimeters: The mean awn length of the lemmas of No. 6.—(8) 
Surface of lemma: Classified as pubescent, intermediate, or scabrous.—(Q) 
Color of lemma: Classified as red or white. 

Cytological material in the form of pollen mother cells was collected from 
hybrids and parents. Considerable difficulty was experienced in getting suff- 
cient material from certain plants. The species B. madritensis and B. rubens 
possessed extremely small anthers, and the stage of first metaphase was hard 
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to discover. Dwarfed hybrids of B. mollis X carinatus gave very poor cytological 
material, there being a tendency for the chromosomes to mass together. 

Studies were undertaken using temporary aceto-carmine smears made ac- 
cording to Love’s technique (1940). Emphasis in cytological studies was placed 
on the pairing behavior at first metaphase. The type and number of multi- 
valents, the number of open and closed bivalents, and the number of univalents 
were recorded. A number of photomicrographs were taken, all magnifications 
being X755. 

EXPERIMENTAL RESULTS 

The success of attempted hybridizations is indicated in table 1. As was ex- 
pected, the combinations of B. mollis with species of the sections Bromopsis 
and Neobromus failed to produce seed. Surprisingly, the very wide cross B. 
mollis Xcarinatus gave F, seed and F, plants. The section Eubromus showed 
some compatibility with B. mollis; B. rubens and B. madritensis gave F, plants, 
and B. rigidus gave F, seeds and some seedlings that died early in their devel- 
opment. Considerable variation existed among the hybridizations within the 


TABLE I 


Results from the hybridization of Bromus species. 














SEEDS SET 
ie FLORETS SEEDS PLANTS 
POLLINATED SOWN OBTAINED 
NO. PERCENT 
Within the section Bromium 
B. mollis Xracemosus 58 20 34-5 20 10 
B. racemosus X mollis 88 6 6.8 5 4 
B. mollis X arenarius 78 7 9.0 7 3 
B. arenarius X mollis 86 ° 0.0 — _— 
B. mollis X commutatus 38 7 18.4 7 ° 
B. commutatus X mollis 30 ° 0.0 — = 
B. mollis X secalinus 38 ° 0.0 — = 
B. secalinus X mollis 56 ° 0.0 _ — 
Section Bromium Xsection Eubromus 
B. mollis X madritensis 112 3 2.7 3 3 
B. mollis Xrubens 110 2 1.8 2 2 
B. mollis Xrigidus 172 10 5.8 10 ° 
B. rigidus X mollis 13 ° 0.0 _ = 
B. mollis Xtectorum 95 ° 0.0 _— — 
Section Bromium Xsection Bromopsis 
B. mollis X orcuttianus 74 ° 0.0 _ — 
B. orcuttianus X mollis 71 ° 0.0 _ — 
B. mollis Xinermis 59 ° 0.0 — — 
B. inermis X mollis 20 ° 0.0 _ — 
B. mollis Xlaevi pes 24 ° 0.0 _ = 
Section Bromium Xsection Ceratochloa 
B. mollis Xcarinatus 120 30 25.0 30 16 
B. carinatus X mollis 48 ° 0.0 — — 


Section Bromium X Neobromus 
B. mollis Xtrinii 60 ° 0.0 _ _ 
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section Bromium; no hybrid seed was produced by the cross B. mollis X seca- 
linus, whereas B. mollis Xracemosus gave 34.5 percent seed set. Without ex- 
ception, where reciprocal crosses were made and seed produced, B. mollis 
proved to be the better maternal parent. 


Morphological Studies 
The F, hybrids are compared with parental species in table 2. Different 


strains of B. mollis were used in these hybridizations, and for this reason the 


TABLE 2 


Comparison of interspecific hybrids of Bromus with parental species. 








NUMBER DAYS HEIGHT NODE PANICLE SPIKE- LEMMA AWN LEMMA 





SPECIES OR HYBRID OF TO IN SUR- LENGTH LET LENGTH LENGTH  sUR- pes oo 
PLANTS HEAD cM FACE cM NO. MM MM — 
B. mollis (3 strains) 148 129 pub.* 13 4° 9 5 pub.* white 
B. racemosus (4 strains) 145 123 pub. 15 38 10 7 scab. white 
F, hybrids 148 134 pub. 16 51 9 6 int. white 
B. mollis 7 173 89 pub. 9 19 9 5 pub. white 
B. arenarius 6 131 118 pub. 20 80 10 10 pub. red 
F, hybrids 2 138 150 pub. 18 04 10 8 pub. red 
B. mollis 15 191 120 pub. 9 20 10 6 pub. white 
B. rubens 4 86 96 glab. 8 66 15 16 pub. red 
F, hybrids 2 80 103 pub. 10 60 12 Ir pub. red 
B. mollis 18 128 119 pub. 10 36 10 6 pub. white 
B. madritensis 5 102 104 glab. II 28 15 15 pub. red 
F, hybrids 3° 102 84 int. 10 34 12 10 pub. red 
B. mollis 25 214 105 pub. 10 24 9 6 pub. white 
B. carinatus 16 126 125 glab. 16 17 18 6 pub. white 
F, hybrid (A) 3 137 67 int. II 15 12 6 pub. white 
(B) 3/11 _— 16 int. 5 6 II 5 pub. white 





* Key to abbreviations: pub. = pubescent; glab. = glabrous; int. =intermediate; and scab. =scabrous. 


data for each particular cross are kept separate. A comparison of the panicles 
of hybrids and species is given in Plate I. 

In general the hybrids tended to be intermediate between the parents. 
However, in days to mature each hybrid more or less resembled the earlier 
parent. The height of the hybrid with the exception of the B. mollis X arenarius 
F, was like the shorter parent. If one of the parents had a long panicle or 
possessed numerous spikelets, the F; expressed these characters,—an exception 
is the B. mollis Xcarinatus F,,—but the general lack of vigor of these hybrids 
may have made them an exception. 

All hybrids with the exception of those between B. mollis and B. carinatus 
were normal in vigor. In the latter case two hybrid types appeared which were 
termed A- and B-types. The A-type possessed a growth habit somewhat like 
B. carinatus, but it was not so robust, and its leaves readily lost their green 
color or became brown. The B-type lacked extremely in vigor, either headed 
very late or failed to head, and possessed a very small panicle. 
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DESCRIPTION OF PLATE I 


Panicles of Bromus species and their hybrids: 


FIGurRE A. 
FicureE B. 
FIGcurE C. 
Ficure D. 
FIGURE E. 
FIGcureE F. 
FicureE G. 
FicureE H. 


B. mollis. 
B. racemosus. 

B. arenarius. 

B. rubens. 

B. madritensis. 

B. carinatus. 

B. mollis Xracemosus F;. 
B. mollis Xarenarius F,. 


FicureE I. B. mollisXrubens F;. 
Ficure J. B. mollis X madritensis F,. 


FicureE K. 


B. mollis Xcarinatus A and B types. 


Scale is given in inches and centimeters. 
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DESCRIPTION OF PLATE II 


First metaphase (late diakinesis in B. ¢riniz) in pollen mother cells of Bromus species (755). 
Ficure A. B. trinii (2n=42). 

FicureE B. B. rigidus (2n= 56). 

Ficure C. B. mollis (2n= 28). 

Ficure D. B. rubens (2n= 28). 

Ficure E. B. tectorum (2n= 14). 

Ficure F. B. arenarius (2n= 28). 

Ficure G. B. commutatus (2n= 28). 

FicureE H. B. racemosis (2n= 28). 

Ficure I. B. carinatus (2n= 56). 
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DESCRIPTION OF PLATE III 


Chromosome pairing at first meiotic metaphase in Bromus hybrids (755). Pairing formulas 
are given for each hybrid. 

Ficure A. B. mollisXracemosus F,, 1411. 

FricureE B. B. mollis Xarenarius F;, 2111+41I1+ 14. 

FicureE C. B. mollis Xrubens F;, 611+ 161. 

Ficure D. B. mollisXmadritensis F:, 111+ 261. 

Ficure E. B. mollisXcarinatus F,, 311+36I. 
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TABLE 3 


Bromus species used in intetspecific hybridizations. 








CHROMOSOME NUMBERS (2N) 








COUNTY 
SPECIES INDIGENOUS TO WHERE 
es PRESENT OTHER ‘ 
STUDY REPORTS 
Section Bromium 
B. arenarius Labill. Australia Alameda 28 
B. commutatus Shrad. Europe Madera 28 56 Nie. 
B. mollis L. Europe Ig Co. 28 28 Av; 28 St; 28 S.L. 
B. racemosus L. Europe 4 CO. 28 
B. secalinus L. Europe Madera 28 28 Av; St. 14 Nie. 
Section Eubromus 
B. madritensis L. Europe Contra Costa 28 28 Av; 42 St. 
B. rigidus Roth. Europe Solano 56 56 St; S.L.; B.H. 
B. rubens L. Europe San Diego 28 28 St; B.H. 
B. tectorum L. Europe San Diego 14 14 Av; 14 St. 
Section Bromopsis 
B. inermis Leyss. Europe Solano 56 Av. 
B. laevipes Shear Western U.S.A. Ventura 14 S.L.f 
B. orcuttianus Vasey Western U.S.A. Lake 14 S.L.} 


Section Ceratochloa 
B. carinatus H. and A. Western U.S.A. Contra Costa 56 56 Av; St; S.L.; B.H.; 
Ha. 
84 Ha; 42, 70 Nie. 
Section Neobromus 
B. trinii Desv. Chile Clark, Ariz. 42 





* Key to abbreviations: Av. = AvpoLov (1931); B.H.=Brck and Horton (1932): Ha. = Har- 
LAN (1942); Nie.= NIELSEN (1939); St.=STAHLIN (1929); S.L.=StTEBBrns and Love (1941). 

{ Confirmed by StesBrns (unpublished). 

} The same material that was used in the present study. 


Cytological Studies 
Parent species 


The chromosome numbers of the species used in these hybridizations are 
given in table 3. Photomicrographs were obtained for some species, and these 
are given in Plate II. 

Chromosome numbers are reported for the first time in the following species: 
B. arenarius (2n= 28); B. racemosus (2n= 28); and B. trinii (2n=42). For most 
species the chromosome counts of this study confirm the results of some other 
investigator; the single exception is B. commutatus, which in this material had 
14 chromosome pairs and in material of NIELSON (1939) had 28 pairs. 


F, hybrids 


The results of the studies of chromosome pairing of both the hybrids and 
their parents are given in table 4. Illustrations of some first metaphase con- 
figurations are given in Plate ITI. 
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As expected from the morphological similarity of B. mollis and B. racemosus, 
and the fertility of the F,, the cytological behavior of parental species and the 
F, were quite similar. The hybrid B. mollis X arenarius showed the next highest 
degree of chromosome pairing, there being a mean of 13.55 chromosomes per 
pollen mother cell combined to form bivalents or multivalents. The two hybri- 


TABLE 4 


Chromosome pairing at first metaphase in pollen mother cells of 
Bromus species and their hybrids. 














NUM- AVERAGE FREQUENCY AND RANGE PER CELL OF 
SPECIES NO. 
BER Vv IV Ir CLOSED II OPEN Il I 
oR oF 
OF 
HYBRIDS P.M.C. 

PLANTS MEAN RANGE MEAN RANGE MEAN RANGE MEAN RANGE MEAN RANGE MEAN RANGE 

B. mollis 13 328 13-33 9-14 0.66 o-5 ©.02 o-2 

B.racemosus 16 382 13-45 QO-14 0.54 O-5 0.02 o-2 

F; II 384 13-24 Q-14 0.75 O-5 0.02 o-2 

B. mollis 5 bec) 13.58 II-14 0.41 0-3 0.02 o-2 

B.arenarius 4 69 13.32 10-14 0.62 0-4 0.12 O-4 
Fi 2 212 0.02 oO-r 0.09 O-! ©.93 O-3 0.68 0-3 3-47 O-7 16.45 8-28 

B. mollis 6 130 12.98 I0-14 0.95 0O-4 0.14 oO-2 

B. rubens 6 62 12.87 8-14 1.08 0-6 ©.10 oO-4 
Fi 2 173 0.17. O-I 0.28 0-3 2.89 0-8 21.15 12-28 

B. mollis 4 79 13.42 12-14 0.57 0O-2 0.02 0o-2 

B.madritensis 4 35 13.34 12-14 0.57 0-2 0.17 O-4 
Fi 2 112 0.05 O-! 0.13 O-2 2.06 o-8 23-47 12-28 

B. mollis 9 191 12.62 7-14 1.26 o-7 0.23 0-4 

B.carinatus 4 714 27.45 26-28 0.55 0-2 0.00 — 
Fi A 3 185 ©.0r oO-r 0.96 o-5 40.06 32-42 
B I 9 0.89 0-3 40.22 36-42 





dizations B. mollisXrubens and B. mollis Xmadritensis, in line with the fact 
that these are hybrids between different sections of the genus, show a larger 
proportion of univalents at first metaphase. B. carinatus, which is distinct 
morphologically and geographically from B. mollis, showed a very low propor- 
tion of chromosome pairs in hybrids with the latter species. In the B. mol- 
lis Xcarinatus hybrids both the A- and B-types showed the same chromosome 
number and behavior. 

Heteromorphic bivalents were observed in the F, hybrids of B. mollis with 
B. arenarius, B. madritensis, B. rubens, and B. carinatus. Their frequency 
varied from cell to cell and was always low. 


DISCUSSION 
Relationships within the section Bromium 


B. racemosus was found to be completely compatible with B. mollis; hybrid 
seeds were readily produced, the F; hybrid was vigorous, its cytological be- 
havior resembled both parents, and the hybrid was completely fertile. The 
essential difference between these species is in the character of their spikelets; 
they are pubescent in B. mollis and glabrous or scabrous in B. racemosus. The 
basis for this difference is probably genic, and the number of differentiating 
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genes will be determined by studies of the F, segregation. If species are to be 
separated as distinct breeding entities, then B. racemosus would better be con- 
sidered as a variety of B. mollis. SHEAR (1900) included plants answering the 
description of B. racemosus, as used in this study, under the name B. hordeaceus 
(B. mollis) var. glabrescens (Coss) Shear. SHEAR still retained B. racemosus as a 
distinct species, the panicle being more open than in B. hordeaceus var. 
glabrescens and the plant habit more upright. However, he stated that the dif- 
ferences between these species were not distinct. HoLMBERG (1924) reported 
natural hybrids between B. mollis and B. racemosus to be sterile, and this 
fact would suggest the existence, at least in Europe, of plants answering the 
description of B. racemosus but genetically distinct from B. mollis. 

Species of the section Bromium that are judged to be distinct from B. 
mollis are B. arenarius, B. secalinus, and B. commutatus. For each of these 
species the basis of separation is as follows: B. secalinus because it failed to 
set seed in hybridization, B. commutatus because hybrid seed did not germi- 
nate, and B. arenarius because the hybrid plants were sterile. One F, hybrid, 
B. mollis X arenarius, has been studied cytologically, the cytological studies 
being confined to the pairing behavior of chromosomes at first metaphase in 
pollen mother cells. The amount of pairing among different pollen mother cells 
was highly variable, and there was no indication of chromosome pairing by sets 
of seven. Multivalents, up to and including chains of five chromosomes, were 
observed. No rings were evident. The low proportion of closed bivalents, and 
the extreme fluctuation in amount of pairing is probably due to a condition 
where only portions of the chromosomes of these species are homologous. As- 
suming that at one time in their evolutionary history they had at least one 
chromosome set (seven chromosomes) in common, chromosome rearrangements 
have destroyed most, perhaps all, of the complete chromosome homologies. 

Translocations have probably been important in producing the differences 
between the one-time homologous chromosome sets, as is borne out by the 
pairing of sections of chromosomes. The presence of multivalents also bears out 
such an hypothesis. BuRNHAM (1932) and CLARKE and ANDERSON (1935) have 
explained the presence in maize of a chain of four chromosomes at diakinesis 
as being due to a reciprocal translocation involving a small section of the 
satellite chromosome and a larger section of another chromosome. BRINK and 
Cooper (1932) related the presence of a chain of four chromosomes in meiotic 
stages of maize to the simple translocation of a terminal segment of one chro- 
mosome to the end of a non-homologous whole chromosome. Such a process 
may have occurred to produce the karyotype differences between B. mollis and 
B. arenarius. 

In studies of chromosome pairing in interspecific hybrids of Triticum Love 
(1941) found multiple associations of chromosomes to be present, their fre- 
quency varying from one pollen mother cell to the other in the same cross. The 
reason for the variation, he felt, was that “many of the multiple associations 
arise through pairing of chromosomes that are phylogenetically similar but not 
strictly homologous.” In the present study a similar situation 1s believed to be 
responsible for at least some of the multiple chromosome associations. 
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Autosyndetic pairing could operate to produce many of the pairs at first 
metaphase. It was not believed to be important in this respect, at least among 
the chromosomes of B. mollis, since hybrids of this species with B. carinatus 
showed very few metaphase pairs. 


Relationships between sections of the genus Bromus 


An attempt was made to combine four species—B. rigidus, B. rubens, B. 
madritensis, and B. tectorum—of the Eubromus section with B. mollis of the 
Bromium section. B. mollis Xtectorum failed to produce seed. B. mollis Xrigidus 
yielded a total of ten seeds, but none of them produced plants. Both B. mollis 
Xrubens and B. mollis Xmadritensis yielded hybrid plants that were sterile. 
The similarities between B. rubens and B. madritensis were reflected in the 
similar behavior of their hybrids with B. mollis. Morphologically, both of the 
hybrids were intermediate between the parents, but in earliness they were 
nearer the Eubromus parent. Cytologically, both hybrids were quite similar; 
both of them showed the presence at first metaphase of trivalents, open and 
closed bivalents and univalents. B. mollis Xrubens averaged a smaller number 
of univalents per pollen mother cell, 21.15 as compared with 23.47. There was 
no evidence of pairing by chromosome sets of seven. The presence of hetero- 
morphic bivalents suggested that the smaller chromosomes of the Eubromus 
species had combined with the larger ones of B. mollis. 

The species, B. carinatus, of the Ceratochloa section combined readily with 
B. mollis. This is rather surprising when it is considered that B. mollis is native 
to Europe and B. carinatus native to the western United States. All these hy- 
brids were sterile. Early in their development two different hybrid types were 
apparent; these are discussed in the next section. In the hybrids, chromosomes 
paired at first metaphase to the extent of about one per pollen mother cell, but 
there was considerable variation between cells. It is not known whether the 
chromosome pairing was autosyndetic or allosyndetic. The only other mention 
of hybridizations between these two sections is a report by ULLMAN (1936), 
where B. unioloides (B. catharticus) X arvensis gave a “reduced” seed-setting. 

Hybridizations of B. mollis with species of the Bromopsis and Neobromus 
sections failed to produce seed. CuGNAC (1935) obtained hybrid seed when he 
crossed B. arvensis (Bromium section) with B. inermis (Bromopsis section), 
but no report was available on the performance of these seeds. ULLMAN (1936) 
also reported the successful hybridization of B. arvensis and B. inermis, where 
he obtained a seed-setting of 69.3 percent when B. arvensis was used as the fe- 
male parent. 


Variation among F, hybrids of B. mollis Xcarinatus 


The occurrence of two distinct types, termed A- and B-types, of F; plants 
from this hybridization was unexpected. The similar chromosome condition 
of both types would indicate that the difference was genic in basis. In crosses 
of the Triticinae, SEARS (1940) found that Triticum monococcum carried a sin- 
gle mendelian factor which had a dominant lethal effect whenever it combined 
with a genome from Aegilops umbellulata; the seedling carrying the lethal fac- 
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tor died soon after emergence. From hybridizations between Crepis capillaris 
and C. tectorum, HOLLINGSHEAD (1930) showed that certain strains of C. tec- 
torum possessed a lethal factor that prevented hybrids from developing past a 
dwarfed seedling stage. THompson (1928) and FLORELL (1936) have explained 
the occurrence of dwarfs in varietal hybrids of Triticum vulgare as being due to 
genetic factors. Although it is believed that the basis of dwarfing in the B. 
mollis X carinatus hybrids is genic, still the number of genes involved and their 
location among the parental material could not be determined. The number 
of hybrids obtained from any one cross was too small for critical analyses of 
the factorial condition. 


Evolutionary relationships 
When hybridizations were first attempted among species of brome, it was 
apparent that no relation existed between compatability in hybridization and 
TABLE 5 


A comparison of evolutionary divergence, as measured by 
mor phological differences and distribution, with 
chromosome behavior during meiosis. 














HYBRIDS 
PARENT MORPH. DIFF. 
por lah INDIGENOUS 
: TO VIGOR CHROMOSOME NO. 
HYBRID B. mollis ae : 
TOTAL COMBINED 

B. mollis Europe 
B. racemosus slight Europe normal 28 27.98 
B. arenarius medium Australia normal 28 11.55 
B. rubens much Europe normal 28 6.85 
B. madritensis much Europe normal 28 4.53 
B. carinatus extreme West. U.S.A. reduced 42 1.96 





morphological characters. B. carinatus, which differs distinctly from B. mollis, 
gave a seed-setting of 25 percent when hybridized with it. On the other hand, 
the morphologically similar species, B. mollis and B. secalinus, failed to 
hybridize. However, when the meiotic chromosome pairing of the hybrids was 
compared (table 5), it was found that the degree of chromosome association of 
the hybrids paralleled the degree of similarity between morphological char- 
acters of parental species. All species in these studies that crossed with B. mollis 
to give F, plants were assumed at one time to have had at least one chromo- 
some set (seven chromosomes) in common with B. mollis. In the hybrid B. 
mollis X carinatus there was an average of only 1.96 chromosomes combined at 
first metaphase; the wide differences between parents in morphology and dis- 
tribution are associated with wide differences in their chromosome comple- 
ments. At the other extreme, the B. mollis Xracemosus hybrids, in agreement 
with the similarities of the parents, gave 27.98 chromosomes paired per pollen 
mother cell. B. mollis X arenarius hybrids—both parents belong to the same 
section—gave a larger number of combined chromosomes than did hybridiza- 
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tions of B. mollis with B. rubens and B. madritensis, both of which belong to a 
different section than B. mollis. 

The use of pairing behavior of chromosomes as an indication of phylogeny 
in Triticum and Aegilops has been criticized by DoBzHANSKy (1937) and Love 
(1941). DoBzHANSKy recognized that allopolyploidy had occurred in the 
formation of new wheat species, but emphasized that gene mutations and 
gene rearrangements have been occurring in the chromosome sets of the 
allopolypolid, these changes taking place both before and after the allopoly- 
ploid has been formed. Consequently, chromosome pairing in hybrids of Triti- 
cum and Aegilops did not occur by chromosome sets of seven. This was demon- 
strated in the studies of Love (1941) where, instead of the usual 14 bivalents 


TABLE 6 


Dominance in interspecific hybridizations. 


HIGH 
B. MOLLIS EARLY HIGH LONG PU- 





SPIKE- LONG LONG RED 
HYBRIDIZED HEAD- STAT- PAN- BESCENT 
LET LEMMA AWN LEMMA 
WITH: ING URE ICLE NODE 
NUMBER 

B. arenarius D D D D D I —_ D 
B. rubens D I D D I I D D 
B. madritensis D R ~- — I I I D 
B R R R I — I == 


. carinatus (A) D 





and seven univalents in pentaploid hybrids of Triticum species, he found 
considerable variation in the frequency of bivalents and univalents in different 
crosses. Multivalents were also observed. In discussing the assignment of 
symbols to the various chromosome sets, LOVE stated that “the results indi- 
cate that such a procedure cannot possibly be more than an approximate index 
of the actual pairing behaviour observed.” The present study indicates no 
pairing by chromosome sets of seven (table 4) except in the case of B. mollis 
Xracemosus, and these probably belong to the same species. It will be interest- 
ing to stutly the chromosome pairing relationships of more interspecific hybrids 
of Bromus to determine if this lack of chromosome homology by sets of seven 
is true of all species. 


Dominance in interspecific crosses 


For most hybridizations the F; plant was intermediate between the parents 
in an “over-all” comparison. But if single characters of the hybrids and parents 
were compared, it was apparent that some character expressions were domi- 
nant to others. Table 6 compares a number of characters in this regard. 

Early heading was consistently dominant in these crosses, whereas the 
dominance of height varied from cross to cross. The lack of vigor in the A-type 
hybrid between B. mollis and B. carinatus may have altered conclusions of the 
consistent dominance of a long panicle with many spikelets. Lemma length in 
hybrids was generally intermediate between the parents as was length of awn. 


| 
] 
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Pubescence of node, if present in one parent, was expressed in the hybrid. Red 
lemma was dominant to white 


SUMMARY 


Attempts were made to combine B. mollis with 13 other species of brome, 
these species being representatives of five different sections of the genus. 

Hybrid plants were produced in five combinations—namely, B. mollis 
Xracemosus, B. mollis Xarenarius, B. mollisXrubens, B. mollis Xmadritensis, 
and B. mollis Xcarinatus. 

The extent of chromosome pairing in the hybrids paralleled the extent of 
morphological similarity of parental species. 

The difference between two morphologically distinct hybrids of B. mollis 
Xcarinatus is considered to be genic in basis. 

The chromosome numbers of the following species are reported for the first 
time: B. arenarius (2n= 28); B. racemosus (2n= 28); and B. trinit (2n=42). 
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T WAS pointed out by MANGELspDoRF and REEVES (1939) that Tripsacum, 

teosinte, and maize, when arranged in this sequence, form a descending 
series on the basis of number of chromosome knobs. It was also suggested that 
the varieties of maize itself from Central America might have a greater average 
number of knobs than those from any other region and that in general the 
number of knobs might tend to increase with proximity to Central America. 
This possible relationship, in conjunction with various kinds of data, led to an 
hypothesis which may be stated briefly in three parts, as follows: (1) Maize 
was first highly developed as. a crop plant in the Andean region; it spread 
somewhat concentrically from that region until it reached most parts of South, 
Central, and North America. (2) In Central America it hybridized with 
Tripsacum, and this hybrid, by backcrossing with maize, gave rise to teosinte. 
(3) By the continued backcrossing of teosinte with maize, a new (Tripsacoid) 
type of maize originated; this, in turn, also spread more or less concentrically 
in competition with the older (pure) maize until it reached all parts of both 
continents except for a few localities. 

At the date of the publication cited above, however, no studies of chromo- 
some knobs had been made on maize from some of the regions playing impor- 
tant réles in this hypothesis; neither Central America nor Mexico were 
represented in the data, and material from only seven of the South American 
countries had been studied. Even now, the data are not all that could be hoped 
for, since only one Central American country, Guatemala, is reprsesented at 
all, and a few of the South American countries are represented meagerly. How- 
ever, the Central American countries are relatively small in area, and a con- 
siderable proportion of the races studied by now are Guatemalan and therefore 
Central American; also most of the large areas of both North and South Amer- 
ica are represented to some extent. It seems, therefore, that the sampling 
should be fairly satisfactory, at least for a general analysis. 


MATERIALS AND METHODS 


The plants used in this study were grown in the field at College Station, 
Texas, from seeds brought to the United States from various foreign countries. 
Included in the study were 199 plants distributed among 130 varieties. Since 
LONGLEY’s (1938) similar results from maize of 33 Indian tribes of the United 
States are applicable to the general problem under discussion here, they are 
included in all the statistical analyses. When this is done, the interpretations 
are based upon a total of 163 varieties. Also, the data of MANGELSDORF and 
CAMERON (1942) are included in one analysis. The significance of their data 
on the present problem will be discussed later. 
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The counts of chromosome knobs were made from pollen mother cells in 
pachytene condition, stained with acetocarmine. Early in the study, some of 
the varieties were found to have B-type chromosomes which often showed 
dark-staining portions resembling knobs, and special precaution was taken to 
avoid the mistaking of these structures for knobs. For the purpose of this study 
the identification of the various chromosomes was considered unnecessary. 


RESULTS AND DISCUSSION 


The results obtained from the study of our 130 varieties of maize and of the 
33 varieties reported by LonGLEy (1938) are grouped according to the coun- 


TABLE I 


Numbers of knobs on chromosome complexes of maize from 
various geographical regions. 


NUMBER OF 





COUNTRY OF ORIGIN 





KNOBS; AVE. VARIETIES PLANTS 
OF VARIETIES EXAMINED EXAMINED 

Guatemala 9.25 36 40 
Mexico 8.00 13 14 
Colombia 7.00 I I 
Ecuador 0.00 5 7 
Venezuela 5.50 6 
Peru 0.39 31 56 
Dutch Guiana 3.40 

Bolivia 0.26 13 23 
Chile 3-00 7 II 
Paraguay 4.3% 4 10 
Brazil 4.07 12 22 
Argentina 2.00 3 3 
Uruguay 5.00 I I 





Total 130 199 


tries from which the varieties came and are presented in table 1 and in an out- 
line map (fig.:1). The grouping of the data according to political divisions is of 
course arbitrary, but it seems to be as satisfactory as any other and has the 
advantage of being convenient for reference. Varieties from Guatemala have a 
greater average number of chromosome knobs than those from any other coun- 
try. In general, the number of knobs for other countries decreases with distance 
both north and south, although some of the South American countries do not 
seem to conform to this general rule and will be discussed separately later. The 
country in which knobby-chromosome maize is assumed to have originated 
and to have begun its spread is Guatemala, and therefore the shortest distance 
by land from Guatemala to each other country supplying material was esti- 
mated and used in the calculation. The units adopted in making these esti- 
mates were arbitrarily chosen and have a value of approximately 260 miles. 


a A 





awe 
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For most countries the distances were reckoned to about the center; but ex- 
ceptions were made with respect to Brazil, Argentina, and Chile, since the 
geographical centers of these countries are quite remote from the centers of 
the areas where the material was collected. Accordingly, for Brazil this distance 
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Ficure 1.—Map of North, Central, and South America, indicating the average 
number of chromosome knobs found in maize from various countries. 


was reckoned to the eastern central portion, and for Argentina and Chile to the 


northern portion. 
A regression line was computed, using distance from Guatemala and number 


of chromosome knobs as the two variates. The relationship is negative, and the 
value of t, with 12 degrees of freedom, is 2.375 (table 2, no. 1). This value is 
greater than that required for the 5 per cent level. When the data are plotted 
they show a slight indication that the regression may be curvilinear, and this 
would mean that the significance is greater than indicated here. However, the 
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present study does not permit an interpretation to this effect, and for the pres- 
ent the regression is considered to be linear. 

MANGELSDORF and CAMERON (1942) reported 7.9 knobs.as the average for 
162 Guatemalan varieties, a number which is 1.35 lower than that recorded for 
Guatemala in the present study. Although the reason for this difference cannot 
be positively stated, it probably is to be found in some of the facts given in 
MANGELSDoRF and CAMERON’s paper. These workers pointed out that within 
each small locality in Guatemala there frequently is a wide variation in alti- 
tude. The maize of Guatemala also exhibited a diversity comparable to that of 
altitude, the forms occurring at lower altitudes being more Tripsacoid, of later 
maturity, and having the greater number of chromosome knobs. When these 


TABLE 2 


Relationship between number of chromosome knobs and 
distance from various geographical locations. 











REGRESSION P 
VARIATES 

COEFFICIENT VALUE 
1. Distance from Guatemala; No. knobs — .339 <.05 
2. Same, including MANGELspoRF and CAMERON’s (1942) data — .303 <.05 

3. Distance from Peru; No. knobs (based on data for South Amer- 
ica only) -538 > .05 

4. Distance from Guatemala; No. knobs (data for Andean region 
excluded) — .365 <.o1 





late maturing forms were transferred te the climate of New England, they 
did not develop far enough to permit the determination of their knob numbers; 
hence the average number of knobs reported by these workers is admitted to be 
lower than might be obtained by random sampling. In the present study, data 
on altitudes are not available for most of the varieties, and this is unfortunate; 
however, since the varieties were grown in the subtropical climate of Texas, 
none of them were precluded from study by late maturity. Even if we assume 
that sampling was equally random in the two studies and calculate the average 
of all the varieties included in both, the number of knobs is 8.15, an average 
number which is still the greatest reported for any country. 

In any event, the apparent discrepancy between the present data on Guate- 
mala and that of MANGELSDORF and CAMERON is not serious. All the data for 
Guatemala were combined and another regression line computed, using 8.15 
knobs as the average for that country. The value of t with 12 degrees of free- 
dom was then 2.210, a figure still greater than is required for the 5 percent level 
(table 2, no. 2). 

When the data for the South American countries are considered separately, 
the relationship between number of knobs and proximity to Guatemala may 
be seen by inspection to be much less pronounced than when the countries 
of both continents are considered together. But it is especially significant that 
Ecuador, Peru, and Bolivia, whose varieties have approximately knobless 
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chromosomes, have often been regarded as comprising the region where modern 
maize originated, or where it was first highly developed as a cultivated plant. 
As a result of these facts, the data for only South America were reanalyzed on 
the assumption of a relationship between number of knobs and distance from 
central Peru, which is roughly the center of the area of knobless chromosome 
maize. For convenience, this region will be referred to in the present discussion 
as the “Andean region,” although this is not precisely the accepted usage of the 
term. 

The relationship assumed here was shown to be statistically insignificant, 
the value of t being 1.415 or less than is required for the 5 percent level 
(table 2, no. 3). This result is actually to be expected after close study of the 
principal hypothesis, as stated in the first paragraph of the present paper. 
According to this hypothesis, knobby-chromosome maize began its spread 
from Guatemala at a time when the South American peoples were more com- 
pletely and more satisfactorily supplied with knobless-chromosome maize than 
were the North American. This is in agreement with the fact that the average 
number of knobs for North America is 6.10 while that for South America is 
only 2.99. If the data for South America are again divided into two groups, 
corresponding with the Andean and non-Andean regions, the average number 
of knobs for either region is still below that for North America, the Andean 
region having 0.22, and the non-Andean 4.04. It may be emphasized here also 
that the Andean peoples are usually believed to have been better supplied and 
therefore more contented with their old type of maize than the non-Andean. 

The factors determining whether the old type of maize was retained or dis- 
carded for the new by any group of American Indians no doubt were various. 
However, there undoubtedly was a tendency for the old type to be retained 
when it was better adapted, when there was some tradition or fancy in its 
favor, or when the new type was unavailable. Tradition and fancy may have 
played an important réle in some instances, and there is every reason to believe 
that when a type was grown in a locality continuously it became gradually bet- 
ter adapted to conditions there. It logically follows that as a general rule the 
first type of maize introduced into a locality had an exceptional chance of being 
retained, provided that it was well enough adapted to be profitable. This rule 
would be more generally applicable to South America than to North and Cen- 
tral America, on account of the relative abundance of teosinte in North and 
Central America; for after teosinte became common in the latter regions, the 
original type of maize could scarcely have been kept pure, at least in most lo- 
calities, regardless of whether this was desirable. Therefore the exceptional uni- 
formity with which the Andean peoples continued to grow the knobless- 
chromosome type of maize may be the result of its having been grown under 
their conditions longer than elsewhere and having become more uniformly 
satisfactory to them than to other peoples. 

According to this interpretation of the data, the numbers of knobs for 
Colombia and Venezuela also have a meaning. These two countries are near- 
est Central America and, as expected, their varieties of maize have the highest 
numbers of chromosome knobs recorded for South America. The slight dis- 
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crepancies among the other countries may also be explained. The choice be- 
tween the two types of maize in some localities probably depended somewhat 
upon the relative adaptation of the two types, and in other localities upon 
other factors. In the Andean region, the old, pure type was favored by most or 
all factors, while in Guatemala the new, Tripsacoid type was favored; in the 
other countries various intermediate conditions existed. 

The several centuries of post-Columbian commerce most certainly have 
obscured some of the effects of the concentric spread of both the original and 
Tripsacoid types of maize. This must have occurred in many localities and 
to various degrees; the details are almost unknown. In this connection, it 
should be stated that many of the non-Andean South American varieties used 
in the present study had morphological characters, of the plants and also of 
the chromosomes, more in agreement with typical North American varieties 
than with South American. Also, a few of the Guatemalan varieties were of the 
Andean type and had knobless or nearly knobless chromosomes. According to 
MANGELSDORF and CAMERON (1942), these are pre-historic introductions 
which have never come in close contact with Tripsacoid varieties. In the 
opinion of these investigators, the maize varieties of certain localities in Guate- 
mala have been isolated in a manner similar to many of the Andean varieties. 

It is of interest to study the data once more on the special assumption, men- 
tioned above, that Andean maize is knobless not because of its distance from 
Guatemala but because the original, knobless-chromosome maize was first 
highly developed there and became so well adapted that the more recent, 
knobby-chromosome types were uniformly rejected. A fourth regression line 
was therefore computed, omitting the data for Peru, Bolivia, and Ecuador. 
The value of t, with 9 degrees of freedom, then became 4.535, which is well 
above that required for the 1 percent level (table 2, no. 4). It should be noticed 
not only that this relationship is highly significant, but also that much of its 
significance is the result of the special assumption made for Andean maize. 
By comparison, the value of t based on the same data and including Peru, 
Bolivia, and Ecuador is 2.375. All the data agree very closely with the hypothe- 
sis that maize was first highly developed in the Andean region and that teosinte 
originated in, or near, Guatemala at a later time. But in so far as the writer is 
able to understand the data, they are exactly contrary to any hypothesis that 
teosinte is older than maize and therefore possibly a parent of it. 


SUMMARY 


Numbers of knobs on chromosomes of maize were determined for representa- 
tive regions of North, Central, and South America. The results were analyzed 
in an effort to determine the relationship, if any, between (1) number of knobs 
and proximity to Central America, and (2) number of knobs and distance from 
the Andean region of South America. The first relationship is statistically sig- 
nificant, the value of t being greater than that required for the 5 percent level, 
and from one point of view, greater than required for the 1 percent level. But 
the second relationship is statistically insignificant. In spite of the statistical 
insignificance of the second relationship, all these results are explainable on 
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the hypothesis of the origin of maize and teosinte as given in the following 
paragraph. 

Maize was first developed as a highly domesticated plant in the Andean 
region and was spread from there more or less concentrically until it reached 
practically all parts of South, Central, and North America. Its chromosomes 
were knobless. However, during its migration northward it became hybridized 
with a knobby-chromosome relative, Tripsacum, in Central America, and from 
the hybrids new types of knobby-chromosome maize were derived. These new 
types then began to spread in every possible direction. Their dissemination 
through South America was retarded, particularly in the Andean region, by 
their coming in competition with the original, well-established, Andean types; 
but in spite of this competition they became established to some extent in 
certain South American countries. In North America, on the other hand, the 
new types met with less competition and became more abundant than the 
original Andean types. 
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INTRODUCTION 


ICROSCOPIC observation, as well as solubility tests and studies of the 

effects of gene substitutions, have shown that the normal, wild type eye 
color of Drosophila melanogaster is due to the presence of two pigments, red 
and brown. These two pigments are the end products of two largely inde- 
pendent chains of reactions. Recent work on the genetic control of eye color 
in Drosophila was almost entirely confined to the reaction chain leading to the 
formation of brown pigment. The hormone-like diffusible substances derived 
from tryptophane and representing intermediate links of this chain were the 
most intensively studied phase of this process. The study of the reaction chain 
resulting in the formation of red pigment was on the contrary very much neg- 
lected and so was the study of the end products of both reaction chains— 
namely, the red and brown pigments themselves. 

Both technical and theoretical factors were responsible for this uneven ad- 
vance. Technically, the diffusible nature of the hormone-like substances makes 
them particularly accessible for a very direct experimental attack. The inter- 
mediate products involved in the formation of red pigment offer no such tech- 
nical advantages. The origin of the red pigment, in so far as we know, is 
entirely intracellular and local. The study of the pigments themselves has en- 
countered technical obstacles, chiefly in finding suitable solvents, which have 
greatly retarded the understanding of their chemical nature. Only lately a 
most promising study by BECKER (1939, 1942) somewhat clarified the chemical 
nature of the pigments, but this lead was broken by BECKER’s death on the 
Russian front. 

Two theoretical considerations may be added to the above technical ones. 
In the early phases of the work under discussion it was plausible to assume a 
rather direct relationship between the diffusible substances and the genes con- 
trolling their production. It was a reasonable hope that, starting from the 
tangible diffusible substances, it would be easier to trace back to the genes the 
whole chain of intermediate reactions, connecting the genes with the characters 
they control. This possibility had a special appeal to certain investigators, 
while to others the diffusible substances were of particular interest as means 
for the discovery of spatial and temporal correlations in development. What- 
ever the reason in each particular case may have been, the net result is that the 
chain of reactions leading to the formation of brown pigment is now rather 
well defined, while that leading to the formation of red is almost entirely un- 


1 Work supported by a grant from the Penrose Fund of the AMERICAN PHILOSOPHICAL So- 
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known. The existence of distinct phases in the latter process may be inferred 
from the effects of some gene substitutions, but their more detailed analysis 
must await the introduction of new methods. It is the authors’ conviction 
that the study of the pigments, particularly from the quantitative angle, 
should permit deductions as to the nature of the underlying reactions. It was 
with this expectation that the work to be reported under the above general 
title was begun. The purpose of this first report is to describe methods for the 
quantitative estimation of eye pigments of Drosophila melanogaster. 


HISTORICAL 


As indicated above, several different lines of investigation have provided 
evidence that the characteristic color of the eye of wild type Drosophila is due 
to the simultaneous presence of two pigments. First should be mentioned 
histological observations. These were inaugurated by JOHANNSEN (1924), who 
described in the primary and secondary pigment cells of the ommatidia the 
presence of two distinct types of pigment granules, some “purplish-red,” 
others “ochre-yellow.” JOHANNSEN also studied several mutant types, among 
them sepia, purple, vermilion, ruby, pink, etc., and concluded that their eyes 
differ from those of wild type flies in the amount and distribution of the two 
pigments. 

Descriptions of the pigments in sections of Drosophila eyes, confirming 
JOHANNSEN’S findings, are given also by CASTEEL (1929), SCHULTZ (1935), and 
Mort (1937). The latter two workers, in addition to the histological study of 
the pigment in the imagoes of a variety of mutant types, have given accounts 
of the pigment deposition in the earlier stages of the development of the 
flies. It may be added that a study of the cytology of the eye of Drosophila 
pseudoobscura (COCHRANE 1937) revealed in this species a pigment situation 
strikingly similar to that described by JOHANNSEN in D. melanogaster. 

Gene substitutions have provided another and, at first, independent line 
of evidence for the existence of two different pigments in the eye of Drosophila. 
WRIGHT (1932) was the first to suggest that the total absence of pigment in the 
double recessive scarlet brown may be explained on the assumption that the 
mutations at these two loci suppress respectively one of two independent and 
complementary pigmentation processes. A similar conclusion was independ- 
ently reached by GLass (1934), who identified the products of the comple- 
mentary pigmentation processes of WRIGHT with the red and yellow pigment 
granules of JOHANNSEN. 

The study of Drosophila eye colors by MAINx (1938), who in a single ex- 
tensive piece of work combined the two above methods of investigation, de- 
serves special mention. While other authors have studied the histological 
picture of different eye color mutants, MAINx was the first investigator pri- 
marily guided in his histological study by a deduction from the results of gene 
combinations. Curiously enough, the starting point of his work is again the 
“white” eye of the scarlet-brown combination, and his deduction is identical 
with that of Wricut and Grass. Marnx has prepared combinations of more 
than 25 different eye color mutants with scarlet (st) and with brown (bw) 
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and has shown that (1) the eye color of any mutant, say x, is equal to the sum 
of the colors of the two double recessive combinations «x st and x bw, and (2) the 
observation of the combinations of any two eye color mutants with scarlet and 
with brown, say x st and x bw; and y st and y bw, permits the prediction of the 
color of the combination x y. This work, although not really quantitative, 
has lent the strongest support to the idea of two independent pigment com- 
ponents. The differences between the various mutant races appear to be due 
primarily to the independent variation in the content of the two pigment com- 
ponents." 

On the chemical side we find first an incidental remark in HERTWECK’s 
(1931) paper concerned with eye morphology. HpRTWECK points out that while 
the red color of the Drosophila pigment suggests its carotinoid nature, its in- 
solubility in acetone, chloroform, and benzene does not support this idea. On 
the other hand, the solubility of the pigment in HCl indicates that it is not a 
melanin. 

A systematic chemical study of Drosophila eye pigments has been under- 
taken by Scuuttz. Unfortunately his results were published only in the form 
of condensed reports (MoRGAN, BRIDGES, and SCHULTZ 1930, 1931, 1932) and 
in a review (SCHULTZ 1935) devoted to general aspects of gene action. These 
publications contain no technical details and thus offer no lead for further in- 
vestigations. From ScHuLtz’s publications, however, we observe that “the red 
and yellow granules actually correspond to red and yellow pigments which are 
closely related, but can be separated by means of their solubility differences” ; 
that these pigments have different absorption spectra, which are modified by 
changes of the pH and by oxidation and reduction (of smears of eyes; reversible 
oxidation could not be obtained in vitro); that they are water soluble, but do 
not dissolve in any of the usual organic solvents; and that they are dialysable 
—that is, of small molecular size. It will be seen below that most of these 
observations are corroborated by later work, but that the solubility in water 
solutions of the yellow pigment is negligible and that reversible oxidation and 
reduction of both pigments can be readily observed in vitro. The close relation- 
ship of the two pigments, according to ScHuLtTz, is demonstrated by the fact 
that they can be converted “by certain treatments” into a third, brown pig- 
ment. SCHULT2’s general conclusion is that the yellow and red pigments are 
probably “so simply related to each other as oxidation-reduction products.” 

Next should be mentioned a short note by Laxkr (1935-36) who finds that a 
pigment extracted in water from the eye of wild type Drosophila (presumably 
the red component) shows the properties of a pH and redox indicator. Much 
more important information, however, is contained in the above mentioned 
work of Marnx, who, along with his histological studies, carried out some pig- 
ment extractions. Marnx finds in the wild type eye two pigments strikingly 
different in their solubilities: a red pigment, which is water soluble and a redox 
indicator, and a brown pigment insoluble in water; the latter is extremely 
sensitive to alkali, in which it can be dissolved with loss of color. Neither pig- 


? The changes in pigment content are sometimes accompanied by changes in distribution and 
quality of the pigment components. 
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ment is soluble in alcohol, ether, petroleum ether, carbon disulphide, chloro- 
form. These two pigments correspond to the two pigment components assumed 
on the basis of gene combinations (see above). The eye of the mutant st, for 
instance, contains nothing but the water soluble red pigment; that of the 
mutant bw only the water insoluble brown pigment. Jn vivo both pigments are 
thought to be bound to a protein carrier. 

Finally, reference should be made to two papers by BEcKER. The first (1939) 
deals mainly with the eye pigments of Ephestia (also dependent on diffusible 
substances), but a few other pigments are also considered, among them those 
of Drosophila. On the whole, BECKER’s results are in agreement with those of 
Marnx; however, a discrepancy appears as to the solubility of the brown com- 
ponent in acid water solutions. According to BECKER, the brown pigment from 
finely ground fly heads may be dissolved in HCl-2N. BEcKER also reaches the 
conclusion that there are two distinct pigments in the wild type eye. The red 
one is very sensitive to acids and rather stable in alkali. The brown behaves in 
the opposite way. Both are pH and redox indicators. The red pigment (and 
probably the brown one) are of small molecular size. The brown pigment can 
be benzoylated, the red cannot. BECKER also is inclined to think that im vivo 
the pigments are bound to a protein carrier; the color changes accompanying 
the action of denaturing agents are indicative of such a linkage. The eye of 
Calliphora is found by BECKER to contain one single pigment closely similar to 
but not identical with the brown pigment of Drosophila. For the pigments of 
the Drosophila and Calliphora type he proposes the generic name “Ommatins,” 
subdividing them into “Phaeommatins” (brown pigment of Drosophila) and 
“Erythrommatins” (red component of Drosophila); the red pigment of 
Drosophila, however, is included in the Ommatin group subject to the con- 
firmation of its close relationship with the Phaeommatins. 

In his second paper (1942) BECKER describes the presence of Ommatins in 
several other groups of insects and reports a more detailed study of their 
properties. All Ommatins have a common physiological characteristic: their 
dependence on the tryptophane—kynurenine chain of reactions—that is, their 
chromophore group is probably derived from kynurenine. They all are different 
from melanins and carotinoids and show a series of common chemical charac- 
teristics. Prominent among these are: small molecular size, linkage with pro- 
teins, elementary chemical composition, color and behavior as pH and redox 
indicators, halochromism, stability in acids, instability in alkali, and their 
solubilities. They are insoluble in the usual organic solvents, poorly soluble in 
water, soluble in dilute alkali, very easily soluble in absolute formic acid and 
especially in acid alcohols. On the basis of this definition, BECKER now excludes 
the red component of Drosophila from the group of Ommatins. 

To this brief and incomplete statement of BECKER’s results we should like 
to add that, although his aim was not primarily chemical, his work has un- 
doubtedly provided us with the very few known chemical characteristics of the 
Drosophila eye pigments indicative of their chemical structure, and that in his 
paper we find the first useful indications concerning the solubility of the brown 
pigment component. 
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In none of the studies thus far described is there any attempt to estimate 
quantitatively the pigments of Drosophila. The interest of developing such a 
technique, however, has been felt by a few investigators. Their efforts may be 
said to belong to two different categories, one of which is the attempt to de- 
termine the pigment content of individual whole eyes by reflection spectro- 
photometry. VAN Arta and VAN AtTA (1931) and later FARDON and CARROLL 
(1937) have published the results of some measurements of this sort. The 
analysis of such data, however, especially in quantitative terms, seems very 
hazardous, particularly in view of the now well established presence of two 
unevenly distributed pigments. Moreover, it will be shown below that the pig- 
ment content is a function of many external factors and therefore subject to 
important individual variations. For these two reasons it will be difficult to 
make adequate use of techniques built on similar principles. 

The other way to estimate pigment content of course is by extraction fol- 
lowed by some sort of measurement. Prior to the publication of BECKER’s 
work, the difficulties involved here were mainly in the ignorance of suitable 
solvents. Monop and NEEFs in 1938 claimed to have worked out a satisfactory 
method. Fly heads separated from the bodies were kept for two days in absolute 
alcohol, then dried, ground, and extracted with water. The extracts were then 
rapidly boiled, centrifuged, and the pigment concentration determined photo- 
metrically. A similar extraction of heads of the mutant white showed that 
impurities may be disregarded, the absorption of light by these being of the 
order of one percent of the total absorption by extracts of wild type heads. The 
data published by Monop and NEErFs are too few to permit a judgment on the 
value of the method. We will point out, however, that it disregards the 
presence of two pigments. From the results of Marnx and BECKER it is clear 
that the brown component is certainly not extracted by the Monop and NEEFs 
procedure. 

Early in 1940 Dr. G. W. BEapte kindly communicated to the senior author 
that Doctors E. L. Tatum and C. W. Criancy had found it possible to extract 
the red pigment with 30 percent ethyl alcohol acidified with HCl to pH 2.0 
and the brown pigment with absolute methyl alcohol containing one percent 
by volume of dry HCl. Work started by the senior author on the basis of this 
communication was interrupted by the war. A paper by CLANcy (1942) dealing 
with the mutant claret contains a description of a technique of pigment meas- 
urement making use of the above solvents, as follows. Fly heads (usually 100 
or more) immediately after decapitation are placed in a vial containing 2-3 cc 
of acid ethyl alcohol. After several days the liquid is removed and a fresh supply 
of solvent added. After a few days more the two extracts are combined, 
filtered, and pure solvent is added up to a volume of 10 cc. ‘Lhe relative con- 
centration of pigment is measured photometrically at 440 my. The extracted 
heads are rinsed in absolute methyl alcohol and placed for two to three days 
in acid methyl alcohol for extraction of brown pigment. After reduction with 
sodium hydrosulfite the measurement of the extract is performed as above. 
This method of “double extraction” was checked by the extraction of flies 
homozygous for sé or bw—that is, containing only one or the other pigment 
component. 
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The technique used by CLancy will be discussed in the course of presentation 
of our own results. As will be seen in the following pages, an investigation of 
different aspects of the technique based on the use of the solvents mentioned 
was found to be desirable. 


EXPERIMENTAL 


We want to emphasize at this point that our aim was to work out a simple 
and rapid technique permitting extraction and measurement of low pigment 
concentrations in small volumes of solvent, these conditions being imposed by 
the nature of the problems to be studied with the help of this technique. We 
shall first report the results of extraction of the pigment from flies containing 
only one of the pigments—that is, from s¢ or bw flies. Then we shall present our 
experiments on “double extraction” and, finally, the results of our analysis 
of some causes of variation in pigment content and indicate the precautions 
which have to be taken to assure the maximum reproducibility of data. 


Equipment 


All extractions were made in giass-stoppered Pyrex glassware. Depending on 
the pigment concentration, either 5 and 10 cc cylinders or roo cc bottles were 
used. 

For the measurement of light absorption, when a sufficient amount of pig- 
ment extract (5 cc) was available and measurements at a wide range of wave- 
lengths desired, a Coleman photoelectric spectrophotometer was used. When 
small volumes of extracts of low concentration were worked with and when 
consecutive measurements of an undisturbed sample over a period of time were 
desired, a Pulfrich photometer equipped with 50 mm long microcells (volume 
approximately 1 cc) and light filters S 43, S 47, S 50, and S 53 (wave length 
centers of gravity at 430, 450, 500 and 530 my) was used. 

The results of all the absorption measurements will be given in terms of 
extinction, E (E=log Io/I, where Ip is the incident, and I the transmitted light) 
this value being proportional to concentration. It will be remembered that E 
is also proportional to the stratum thickness, L. In the tables E has not been 
divided by L, since all comparisons are made between measurements obtained 
with the same instrument. 

Unless stated otherwise, all extractions were performed in the dark at 25°C. 


Red pigment component 


Solvent 


As indicated above, the solvent used for the extraction of the red pigment 
is 30 percent ethyl alcohol acidified to pH=2.0 (to be referred to below as 
AEA). This pH is obtained by adding 1 cc of pure concentrated HCl to 1000 
cc of alcohol. The pH of freshly prepared solvent was always checked electro- 
metrically, using a glass electrode. Consecutive measurements on samples 
of the same stock of solvent, extending over several months, confirmed 
CLANCY’s (1942) statement that the pH of AEA is perfectly stable. 
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Extraction 
When heads of s¢ flies, separated from the bodies, are placed in AEA, the 
solvent soon becomes colored orange yellow, which color gradually increases in 
intensity. After 48 hours the greater part of the pigment has diffused from the 
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FicurE 1 (above).—Absorption curves of red pigment extracted in AEA (Coleman). 

FIGURE 2 (center).—Loss of absorption of an extract of red pigment on standing (Pulfrich, 
470 my). The dotted line cuts the curve at the point of a 5 percent “loss.” 

FiGuRE 3 (below).—Extraction of red pigment in AEA followed photometrically (Pulfrich, 
470 my). 


heads into the solution. The absorption curve of such a solution is shown in 
figure 1. It may be seen that the light absorption is maximum at 480 mu and 
decreases rapidly on both sides of this maximum. 
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Observation of the heads after a 48 hours’ extraction shows that most eyes 
are completely extracted and appear nearly white, while a few still retain vari- 
able amounts of pigment, their color ranging from yellow to dark red. Al- 
though, according to CLancy, AEA extracts the red pigment “readily and com- 
pletely,” the complete extraction under the described conditions obviously 
requires a much longer time. In fact, examination of CLANCy’s data shows that 
in his experiments the extraction time varied from 12 to 38 days, and our own 
experience indicates that often some unextracted heads can be found even 
after a week or ten days of extraction. 

This very long extraction time is not only inconvenient, but also introduces 
an error, because, as CLANCY has already noticed, the solutions of red pigment 
are not quite stable. The “loss” of pigment can be followed photometrically. 
The results of such an experiment are shown in figure 2 where the extinction 
(a value directly proportional to the concentration of pigment) is plotted 
against time. In this experiment an extract was filtered and kept at 25°C. The 
absorption was measured on samples of the extract at various time intervals. 
It may be seen that the gradual decrease of absorption corresponds to a loss of 
5 percent of pigment concentration per week. Thus a long extraction time in- 
troduces an appreciable error through pigment destruction. 

The variability in the rate of extraction of individual heads suggested that 
its cause is probably mechanical and could be remedied by mechanical means. 
A comparison was made of the rate of extraction from (a) entire heads and (b) 
from heads split longitudinally: (between the eyes) with the help of a chip of a 
safety razor blade. After 24 hours the eyes of the latter sample were nearly 
white,’ while those of the former remained strongly colored. Determination of 
the exact time required for the complete extraction of halved heads was made 
by following the light absorption of an extract. A sample of heads was placed in 
a large amount of AEA, and the absorption of samples of the extract was 
measured at intervals. Figure 3 shows that the extraction is complete within 
10 hours. 

pH 

As pointed out by several authors (see above), the extracted red pigment 
shows the behavior of a pH indicator. If a few drops of dilute NaOH are added 
to an extract prepared in the described manner, its color turns red. Although 
the pH of the solvent has been found to be extremely stable and fluctuations 
of acidity of a stock solution may be discounted, the question was raised of how 
far the results of measurements would be affected by small differences in the 
pH of solvents prepared at different times. Several samples of an extract of st 
pigment were diluted with equal amounts of 30 percent ethyl alcohol acidified 
_ to various pH values. The final pH of each of the mixtures as well as the light 
absorption was measured. Figure 4 shows that the extinction, measured at 470 
mu (that is, in the vicinity of the absorption maximum) is independent of 
acidity variations between pH 1.5 and 2.5. 


3 Longer extraction of the halved heads does not remove the remaining very pale purplish color 
of the eyes which will be shown later to be due to a small amount of brown pigment. 
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In another experiment of the same type the light absorption of different 
samples of the same extracts adjusted to four different pH values was measured 
at four different wave lengths. Figure 5 shows a marked shift of the absorption 
maximum towards longer wave lengths at higher pH values. The change, cor- 
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Ficure 4 (upper left).—Absorption, at 470 my, of red and brown pigments in solvents of 
different acidities (Pulfrich). The curve for red pigment is referred to the upper abscissa, that for 
brown to the lower. 

FicurE 5 (upper right).—Effect of pH on the absorption curves of red pigment (Pulfrich). 

FicureE 6 (lower left).—Relation between concentration of red pigment and extinction (Pul- 


frich, 470 my). 
FicureE 7 (lower right).—Absorption curve of brown pigment extracted in AMA. A—un- 


treated extract, B—oxidized, C—oxidized five days later (Coleman). 


responding of course to the visible color change, is particularly obvious at 500 
my, while no significant change is seen at 470 my. 


Oxidation and reduction 


The experiments here reported confirm earlier observations that the red pig- 
ment acts as a redox indicator. If a few crystals of sodium hydrosulfite are 
added to an extract of red pigment, the orange color of the latter immediately 
disappears, and the solution becomes colorless. This reduction is reversible: 
on standing in the presence of air, the solution gradually recovers its original 








EYE PIGMENTS OF DROSOPHILA 157 


color. Therefore, the problem arose as to whether or not the extracts prepared 
at different times contain pigment in the same state of oxidation. Experiments 
were performed in which the light absorptions of two samples of the same ex- 
tract, one untreated, the other oxidized by addition of a drop of 3 percent by 
volume of H,O2, were measured. Figure 1, representing the results of one of 
several concordant experiments, clearly shows that the pigment extracted in 
the described way is in the state of maximum oxidation. (It should be noted 
that this permits no conclusion as to the state of oxidation of the pigment 
in vivo.) No extra precaution is therefore needed to control the oxidation state 
of the extracts. 


Applicability of the method to determination of concentration 


Methods of photometric determination of concentration rest on the validity 
of Beer’s law, according to which there is a linear relationship between extinc- 
tion and concentration. It was necessary therefore to ascertain that solutions 
of red pigment obey Beer’s law. A concentrated sample of red pigment was 
prepared. The extinctions of this solution and of several successive dilutions 
were measured with the Pulfrich photometer at 470 my. The result of the ex- 
periment is given in figure 6, where extinction is plotted against relative con- 
centration. The points are experimental, the straight line theoretical. It is 
clear that the red pigment obeys Beer’s law within the concentration range 
corresponding to extinctions from o.o5 to 1.0 under the conditions of the 
measurements. In terms of heads of st flies this corresponds approximately to 
from 12 to 250 heads per 100 cc of solvent. 

In determining the number of heads and the amount of AEA to be used for a 
single measurement, two additional factors must be considered. First, in the 
case of the Pulfrich photometer the maximum accuracy of readings is in the 
neighborhood of 70 percent transmission which corresponds to an extinction of 
0.155. Such a concentration is given, under the conditions of culture described 
below, by approximately 40 heads in 100 cc of AEA. Second, there are natu- 
rally individual variations between flies, so that a greater accuracy will be 
reached with extracts from numerous heads. Our experience shows that 
samples of 30-40 heads from the same culture bottle give values rarely differing 
by more than 2 percent. 


Impurities 


The extracts discussed in the preceding pages are quite transparent. When 
the heads are split to permit a faster extraction, small particles (mainly of 
brain tissue) may eventually be found suspended in the solution. But so long 
as st flies are dealt with—that is, so long as strongly pigmented eyes are ex- 
tracted—only a few heads per 1 cc of solvent are required to produce a pigment 
concentration adequate for photometric measurements. At this concentration 
the turbidity is so low that it may be disregarded. When numerous heads have 
to be extracted in a small volume of solvent, the turbidity due to small frag- 
ments of tissues may be eliminated by filtration under reduced pressure 
through a sintered glass filter. 
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It is clear that AEA also extracts absorbing substances other than the pig- 
ment. To what extent these impurities affect the measurements of pigment 
concentration may be tested by extracting heads of flies the eyes of which 
contain no visible pigment. Three such experiments were performed using 
white (w) and white scarlet flies. The results are given in table 1 where the 
extinction (E) is calculated per ten heads in 1 cc of AEA. The comparison of 
the values obtained in these experiments with data for st (table 3, to be dis- 


TABLE 1 


Photometric determinations (Pulfrich, 470 mp) of absorption by impurities extracted in AEA and 
AMA. E—extinction per 10 heads in 1 cc of solvent. N—number of heads. 








GENOTYPE 





EXP. NO. N SOLVENT E AVERAGE 
AND SEX 
B-57 335 wo AEA 0.012 
VII-72 300 w; st oH AEA 0.010 0.010 
VII-80 350 w; sth AEA 0.009 
B-57 362 w@ AEA 0.013 
VII-72 300 w; st 9 AEA 0.015 0.014 
VII-80 300 w: st 2 AEA 0.015 
B-33 145 wo AMA ©.005 
B-37 373 wo AMA ©.004 es 
B-33 179 w@Q AMA ©.007 
B-37 400 wQ AMA 0.005 stad 





cussed later) shows that the impurities correspond to less than 0.3 percent of 
the total absorption of scarlet extracts. It is clear also that in working with less 
colored mutants, where impurities have a greater importance, appropriate 
corrections may easily be made. 


Brown pigment component 
Solvent 


The acid methyl alcohol (henceforth to be referred to as AMA) used for 
the extraction of brown pigment is prepared by bubbling HCl gas through 
absolute methyl alcohol. The desired acidity of 1.0 percent by volume (ap- 
proximately 0.270 N) is determined by titration with decinormal NaOH. The 
solvent is not stable and loses its acidity on standing. 


Extraction and properties of brown pigment 


Entire heads of bw flies, placed in AMA, lose their pigment rapidly; after 
24 hours the eyes are white. The extract is of a brownish color. It becomes 
yellow on addition of H,O, and pink on reduction with sodium hydrosulfite. 
The color of the oxidized solution varies with changes of the pH. In more acid 
solutions it becomes pinkish. 
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In a fresh extract the pigment is obviously in a state of partial oxidation, 
and a precise study of the extracts must begin with its complete reduction or 
oxidation. Between these two possibilities oxidation was chosen because it was 
observed in preliminary experiments that reduction is frequently accompanied 
by appearance of turbidity. 

The absorption curve of an untreated, freshly prepared brown pigment ex- 
tract in AMA is represented in figure 7 (curve A). Curve B shows the absorp- 
tion of the same solution after it has been oxidized under the conditions to be 
described in the next section. It may be seen that both curves have a peak at 
450 my and probably a second peak in the near ultra-violet and that the ab- 
sorption in the major part of the range and especially at the peak is increased 
by oxidation. 

Curve C represents the absorption of a fraction of the same extract kept five 
days at room temperature and oxidized at the end of this period. Its compari- 
son with curve B shows that the extract is perfectly stable at room temperature. 

The time required for complete extraction of bw flies may be determined by 
the procedure already used for the red pigment. Figure 8 shows that the ex- 
traction is complete in less than 24 hours. 

The extracts of brown pigment contain no gross turbidity. They may be 
used for photometric measurements directly. The amount of extracted im- 
purities has been determined by extracting heads of white flies. The extracts 
were oxidized and their absorption measured at 470 my. The data recorded in 
table 1 compared to those in table 4 (to be discussed later) show that the im- 
purities are responsible for approximately one percent of the total absorption 
of the extract of bw heads. The reservations made in connection with the im- 
purities contained in red pigment solutions are equally valid here. 


Oxidation 


The precautions required for the oxidation of brown pigment may be il- 
lustrated by the following experiment. A fresh solution of brown pigment is 
divided into eight samples of 5 cc each. To each of the samples one drop of 
hydrogen peroxide of a known and different concentration is added. The con- 
trol receives one drop of distilled water. After three hours the absorptions of 
the different samples are measured at 470 mu. Figure 9 shows that the samples 
oxidized with H2O, of 1.0, 2.0, 5.0, 10.0 percent by volume show identical ex- 
tinctions, all higher than that of the control, and that the samples oxidized 
with higher concentrations of H,O, show a decrease of absorption. In other 
words, drastic oxidation destroys the pigment. The destruction is faster in 
stronger H,O2 solutions. The measurements repeated after 24 and 48 hours 
(see figure) show a similar destruction in samples to which lower concentrations 
of H,O, were added. The samples oxidized with 1.0 and 2.0 vol. percent HO: 
are stable for 48 hours. This experiment indicates the concentration of H2:O:2 
to be used. It will be noticed also that the absorption of light by the control has 
markedly increased in the intervals between measurements, obviously through 
oxidation by the oxygen of the air; this serves only to emphasize the necessity 
for complete oxidation before measurements are undertaken. 
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FicureE 8 (above).—Extraction of brown pigment in AMA followed photometrically (Pulfrich, 


470 my). 


FicuRE g (center).—Absorption of brown pigment extracts oxidized with various concentra- 
tions of H,O, (Pulfrich, 470 my). 
FIGURE 10 (below).—Oxidation of brown pigment followed photometrically (Pulfrich, 470 


my). 


In our experiments one drop of 2.0 percent by volume of hydrogen peroxide 
per 5 cc of extract was used for the oxidation of the brown pigment. The time 
to be allowed for full oxidation, at 25°, was determined by following the color 
change photometrically. The results of one of these experiments are given in 
figure 10 where it may be seen that the extinction has reached a stable value 
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FicureE 11 (above).—Relation between concentration of brown pigment and extinction (Pul- 
frich, 470 my). 

FicureE 12 (center).—Effect of temperature on the pigment content in bu and st fo (Pul- 
frich, 470 my). E calculated per 10 heads in one cc of solvent. Details in text. 

FicurE 13 (below).—Change in content of brown pigment with the age of bw o’c". Figures 
A and B represent the results of two different experiments. Curves A and B-I give the extinctions 
of oxidized extracts, curve B-II those of untreated extracts. E calculated per 10 heads in 1 cc 
of AMA (Pulfrich, 470 my). 


70 minutes after addition of H,O,. Our measurements were usually made one 
and a half to two hours after the addition of hydrogen peroxide. 
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Determination of relative concentration 


The applicability of Beer’s law was tested for the brown pigment by a pro- 
cedure similar to that employed with the red pigment. All tested samples were 
oxidized as described in the preceding paragraph. Figure 11 shows that the 
brown pigment follows Beer’s law within the concentration range correspond- 
ing to extinctions from 0.06 to 1.0 as measured by the Pulfrich photometer. 
This corresponds to from 12 to 200 heads of bw flies grown under our standard 
culture conditions (see below) in 10 cc of solvent. The number of heads for 
optimum photometric determinations was found to be of the order of 40 heads 
per 10 cc of AMA. 


Double extraction 


Now that the behavior of the brown and red pigments in the solvents used 
for their extraction is known, the question may be raised whether these same 
solvents may be used for a “double extraction”—that is, for separation of the 
two pigments from eyes containing both (wild type eyes for example). First to 
be ascertained in this connection is the behavior of each of the pigments with 
respect to the solvent so far used for the extraction of the other. 

If st heads are placed in AMA, it is observed that this solvent extracts the 
red pigment very easily and completely. A double extraction, beginning with 
the extraction of the brown component in AMA is therefore impossible. On 
the other hand, if bw heads are placed in AEA for a period of time sufficient 
for the extraction of red pigment, the solvent remains colorless to the naked 
eye. It seems possible therefore to extract, from a wild type head for example, 
first the red pigment with AEA and to follow this extraction by an extraction 
with AMA to remove the remaining brown pigment. 

On closer examination, however, difficulties appear which have already been 
noticed by CLANCY (1942), who, as stated above, used double extraction with 
the reservation that the method is open to criticism. In the first place, the sol- 
vent used for the extraction of red pigment (AEA) seems to render insoluble 
a part of the brown pigment. Thus dw eyes, placed first in AEA for 24 hours, 
then extracted 24 hours in AMA, retain a slight but distinct purplish tinge, 
while control eyes, extracted in AMA directly, become white. Second, AEA 
does extract some brown pigment. How serious these two circumstances are 
may be tested by experiments in which equal samples of bw heads are extracted 
either directly in AMA or after pretreatment with AEA. Five such experiments 
were performed, and the photometric determinations of pigment concentration 
consistently indicated loss of pigment which, in the different experiments, 
amounted to 25.6, 26.2, 27.0, 29.6, and 30.6 percent (for details compare 
columns B, C, and D, table 2). These losses are much greater than assumed by 
CLancy. He measured the absorption of the extract of bw heads in AEA after 
37 and 56 days and compared the obtained values with those given by extracts 
of bw heads in AMA. The loss was found to be 15 percent. There are reasons, 
however, to suspect that the use of two different solvents invalidates his con- 
clusion. It is possible, moreover, that in CLANCy’s experiments part of the 
brown pigment was destroyed due to long standing in AEA. 
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TABLE 2 


Comparison of the amounts of brown pigment obtained by double extraction of wild type and by 
double and direct extraction of brown flies. Wild type and brown flies were grown together in the same 
bottles. In each experiment the three extractions were practiced on identical numbers of heads of flies 
of the same sex in the same volume of solvent. E—extinction* of a sample at 470 mu; M—average of 
samples of the same experiment. 











A B c D E F 
EXP. NO. 
AND LOSS OF 
siieen WILD TYPE BROWN BROWN BROWNIN BIN% cmvn% 
porta DOUBLE DOUBLE DIRECT DOUBLE OF OF 
oan EXTRACTION EXTRACTION EXTRACTION EXTRACTION A A 
E M E M E M % 
IV-85 1.369 0.985 1.298 
Pulfrich —_ 0.973 599 1.358 1.328 26.2 79-5 95-5 
VII-88 — _— 0.283 ©.410 
Coleman 0.283 0.283 0.405 748 30.6 
miles — ——- 0.867 — 29.6 66.0 93-7 
oe 1.10 — oo — .2.c=— 27.0 68.5 92.8 
te ie oo o.82r — = = 25.6 — — 





m=27.8 m=68.3 m=94.0 





* Not corrected for number of heads and volume of solvent. 


What parts are played by the solubility in AEA and by the fixation of a 
certain fraction to AMA in the loss of brown pigment during double extraction 
is not known, but we believe that the greater part of the loss is due to the first 
factor. 

These experiments, performed on bw eyes, do not necessarily mean that the 
same situation obtains in the extraction of wild type eyes. Certain differences 
in the behavior of pigments in these two types do exist. For instance, wild type 
eyes retain much less color after double extraction than bw eyes; however, there 
is no evidence that the brown pigment from wild type eyes is less soluble in 
AEA than that from bw eyes, and so long as this is not proved, the method of 
double extraction as attempted here and used by CLANCY must be considered 
inadequate for the estimation of brown pigment. 

There still remains the possibility (which could be of real advantage in 
certain cases) that the measurement of the red pigment extracted with AEA 
from eyes containing both pigments might not be disturbed by the admixture 
of some brown pigment, the light absorption of the brown pigment being so 
much smaller than that of the red pigment. Whether or not this is so has been 
tested by experiments in which extracts in AEA were prepared from (a) a 
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certain number of st heads and (b) an equal number of st heads plus the same 
number of dw heads. The extinctions of two such samples were found to differ 
by less than one percent. It is clear therefore that the red pigment may be 
estimated in extracts “contaminated” by some brown pigment, provided the 
proportion of red is far in excess of brown pigment. 

Numerous other attempts at double extraction will not be described. It will 
only be pointed out that theoretically determination of the respective concen- 
trations of two pigments in a mixture is possible when the absorption spectrum 
of each is known, when one differs sufficiently from the other, and when there 
is no interaction between them. In such cases the absorption values of the 
mixture at two adequately selected wave lengths permit the calculation of 
the concentration of each of the components. However, such determinations 
are always delicate, and our tests of this procedure, by measuring the absorp- 
tion of mixtures of brown and red pigment solutions of known concentrations 
in AMA, have yielded unsatisfactory results. 

In view of these considerations, use of the double extraction was restricted to 
a few special cases and we relied chiefly on separate extractions of the two 
pigment components, from flies having only one of them at a time. The validity 
of this method will be discussed after some factors of variation of the pigment 
content in flies of a given genotype have been considered. 


Factors of variation of pigment content 

Preliminary determinations of the content of brown and red pigments in the 
eyes of the mutants bw and st of our stock raised without special precautions 
under the usual conditions of Drosophila work have shown great variations in 
the values obtained. Within the same stocks, determinations made at different 
times may give values differing by more than 50 percent. Variations of such 
magnitude would overshadow differences due to genotype, in a comparative 
study of different mutants for example. Since it is known that external factors 
influence many characteristics of the flies, including their size, standardization 
of the culture conditions was attempted. Moreover, the eye color in Drosophila 
changes with the age of the flies; the causes of the age-change are unknown, 
and it was thought that eventually it may be responsible for a part of the 
variations encountered. Pigment content, as a function of age, was therefore 
investigated in some detail. 

Culture conditions 


The procedure adopted for this investigation is as follows. 

Flies from the stock are fed for one to three days on ordinary Drosophila 
food “painted” with a heavy suspension of Fleischmann’s yeast. Thereafter 
the flies are transferred into large cotton stoppered glass jars (30 to 50 females 
per jar) and allowed to lay eggs on yeasted food contained in small metal boxes. 
After a 20-hour laying period the first larvae usually begin to hatch and may 
be easily eliminated. The boxes are then placed in petri dishes and the eggs 
allowed to hatch during a definite (usually four-hour) period. The 1arvae 
hatched during this time interval are collected and transferred onto the food 
on which they will complete their development. This food is prepared according 
to formula B of BripGEs and DarBy (1933), reinforced by addition of one per- 
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cent of Fleischmann’s dry powdered brewer’s yeast. No Moldex is used. The 
food (approximately 80 cc per bottle) is slanted and “painted” with a fresh 
yeast suspension immediately prior to the transfer of larvae. Preliminary ex- 
periments have shown that the weight of flies is not affected by the number of 
larvae grown per bottle, as long as that number is below 175. In our experi- 
ments 100 to 120 larvae were raised in one bottle. 

These operations are performed at 25°C in accurately controlled incubators. 
The importance of temperature as a factor of variation in pigment content 
was shown by experiments of which figure 12 (solid lines) gives an example. In 
this experiment s¢ and bw larvae were raised at 25°C up to the moment of 
pupation and thereafter transferred to four different temperatures (17°, 21°, 
25°, and 30°C). The hatched flies were aged (see below) before decapitation. 
Figure 12 shows clearly that the amount of both red and brown pigments 
undergo considerable and independent variations with temperature. 


Age change 


In several experiments bw and st flies, raised in large numbers under the 
above described conditions, were isolated within the hour after emergence. 
At definite times thereafter they were decapitated, the heads extracted, and 
the absorption of the extracts determined. The results of some of these experi- 
ments are represented in figures 13 to 17. Figure 13A shows for the mutant bw 
that the absorption increases during the first 14 hours, at which time the curve 
reaches a plateau. Figure 13B, curve I, shows a similar result of another experi- 
ment of the same type. It is a control to-curve II (same figure) which represents 
the absorptions of the untreated extracts. This curve is exactly parallel to the 
curve for oxidized extracts (control). Curves A and B of figure 14 give again 
the absorptions of extracts of bw eyes from flies of different ages: flies of series 
A (curve A) are controls grown under standard conditions, those of series B 
(curve B) have been raised under conditions of crowding and undernutrition 
(150 larvae per vial containing 10 g. of food of the same formula without dry 
yeast). Here the size of the flies was much smaller, the absorption per head 
much lower, but the general shape of the curve is again similar to that of the 
control. 

Figure 15 shows the absorption curves of extracts from heads of freshly 
hatched and ten day old bw flies. Here the ordinates are given as log E in order 
to make the shape of the curves independent of concentration differences. The 
shapes of the two curves are strictly similar; the pigments extracted from 
young and old flies are identical, and the increase in absorption must therefore 
be attributed to change in pigment content. 

Figure 16 shows the results of experiments similar to the above performed 
on st and vermilion (v) flies. Here again we see an increase in absorption with 
age: this increase is even considerably more pronounced than in bw and extends 
over a much longer period of time; the absorption values are stabilized only 
four to five days after emergence of the flies. Measurements at different wave 
lengths of extracts of s¢ eyes (fig. 17) show that there is little if any change in 
the quality of the red pigment either, further indicating that the change with 
age involves an increase in pigment content. 
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Ficure 14 (upper left).—Change in content of brown pigment with the age of bw fo". A— 
flies grown under standard conditions, B—flies grown under conditions of crowding (Pulfrich, 
470 my). 

FicurE 15 (upper right).—Absorption curves of brown pigment extracted from bw 9 9 of dif- 
ferent ages. E calculated per 10 heads in 1 cc of AMA (Coleman). 

FicurE 16 (lower left).—Change in content of red pigment with the age of s¢ and v oc". E 
calculated per 10 heads in 1 cc of AEA (Pulfrich, 470 my). 

Ficure 17 (lower right).—Absorption curves of red pigment extracted from st 9 9 of different 
ages. E calculated per 10 heads in 1 cc of AEA (Coleman). 


The practical conclusion from these experiments is that quantitative pig- 
ment measurements must be made on flies which have reached the age of 
stable pigment concentration. In the experiments reported here, unless other- 
wise stated, bw flies used for extraction were aged for at least two days, st and » 
flies for at least five days after emergence. 
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Analysis of data 


The methods of culture, extraction, and measurement described in the pre- 
ceding paragraphs, applied to the mutants bw and st, have furnished the data 
contained in tables 3 and 4. Inspection of these shows that, in spite of the 
standardized conditions, there remains a considerable variability in the values 
obtained. In column “E” (extinction of extracts of individual samples of flies) 
the greatest differences between the highest and lowest values, in percentage 
of the lowest, are as great as 15.8 for st o, 7.8 for st 9, 15.1 for bw co’, and 17.9 
for bw 9. In the data contained in the column “Average E” (average of the 
values given by several samples in a single experiment) the variations are 
slightly smaller. Here the greatest differences (in the above order) are 14.5, 
7.8, 13.8, and 15.3 percent. It will be observed that these differences are con- 
siderably greater than the differences observed between the different samples 
within any particular experiment, recorded in the third and eighth columns of 
tables 3 and 4. This fact shows that the greater part of the variation is due not 
to the methods of measurement, but to variations in the conditions of develop- 
ment of the flies from experiment to experiment. Several possible reasons have 
been considered. 

1. It was thought that the condition (age, nutrition, size) of the females 
used as progenitors could have an effect on the pigment content of the progeny. 
An experiment was performed in which the content of red pigment was com- 
pared in the offspring of (a) young st females, raised under standard conditions 
and of (b) old, undersized st females from crowded stock bottles. The results, 
recorded in table 3 (experiments V-99 and V-102) clearly show that the age 
and condition of the females do not detectably influence the pigment content 
of the progeny. The differences between the two kinds of offspring are 0.3 per- 
cent for the males and 2.1 percent for the females; these are not greater than 
the usual differences between different samples of a single experiment. These 
data are in accord with the finding of WARREN (1924) that the size of eggs in 
Drosophila is independent of external conditions and the size and age of the 
females. 

2. Although the food used in our experiments was always prepared according 
to the same formula, it was thought that media prepared on different days 
might be different, due to slight variations in cooking time or to differences in 
the yeast or in the contaminating bacterial flora. The sections at the bottom of 
tables 3 and 4 contain experiments in which females were allowed to lay for 
several days; larvae hatched on successive days were raised on media freshly 
prepared on each of these days. It may be seen that the differences between the 
values obtained here are greater than the usual differences between different 
samples of single experiments, recorded in the upper sections of the same tables. 
From these results it may be concluded that to test the effects of gene substitu- 
tions ceteris paribus, different types of flies must be raised simultaneously on 
the same media. In the experiments described in the next section the st, bw, 
and wild type flies were actually raised in the same culture bottles. 

3. Comparison of the data in the columns “Weight of oc” shows that the 
average weight also varies considerably from experiment to experiment, and 
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TABLE 3 


Photometric determinations (Pulfrich, 470 mu) of red pigment in the mutant scarlet. 
E—extinction per 10 heads in 1 cc AEA. 
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4.008 P rr aoe — —s ae 4-594 =" young standard 
culture 
V-115 4-012 4-012 0.935 4-291 4-832 4.832 5.168 Same females; 
3-3 1.8 food prepared 
V-130 4-144 4-144 0.928 4.466 4-748 4-748 5-116 on two consecu- 
tive days 
IV-172 4.068 4.068 1.052 3.867 4.484 4.484 4.262 Same females; 
V-2 4-004 P 4.004 0.984 4.069 4-572 6 4-572 4.644 food prepared 
V-6 4-184 ' 4.184 0.946 4-423 4-644 = 4-644 4-909 on four consecu- 
V-14 4.048 4.048 0.972 4-165 4-528 4.528 4-658 tive days 
mM =3.936 m =3.967 M=4.050 m=4.640 m=4.635 m=4.799 





the question was raised as to whether or not the pigment content should be 
corrected for these weight differences. In tables 3 and 4 the columns “Corrected 
average E” contain the data resulting from adjusting the average extinction 
to 1 mg of weight.‘ The differences between the lowest and highest values in 


* The values for females are corrected by the weight of male sibs. 
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TABLE 4 


Photometric determination (Pulfrich, 470 mp) of brown pigment in the mutant brown. 
E—extinction per 10 heads in 1 cc AMA. 

















roared ee 
corR- cor- 
DIFFER- AVER- WEIGHT DIFFER- AVER- 
RECTED RECTED 
EXP. NO. E ENCE AGE OF o'c" ie # E ENCE AGE 
AVERAGE AVERAGE 
% E IN MGs. % 
E E 
I-3 0.523 0.637 
0.509 ©. 596 
6: . " . * 
6.5x3 2.8 0.515 0.968 ©.532 eidae 6.9 0.619 0.639 
0.514 0.620 
III-3 0.532 
0.547 2.8 0.542 0.954 0.568 _— — — — 
0.547 
I-106 °.408 
©.500 
©. 501 
©. 501 
°.8 ©.500 ©. 96: 0.516 — — _ = 
0.407 5 999 5 
0.501 
©.500 
©. 500 
III-76 0.565 
0.572 
0.570 2.2 0.569 0.934 0.609 _- _ _ _ 
0.567 
IV-88 0.544 0.649 
0.0 ° 1.0 6 -6 ©. 66 0.642 
0.544 544 35 0.52 0.679 4 4 4 
IV-115 ©.529 ©.529 ©.981 ©.539 0.576 0.576 0.587 Same females; 
IV-127 ©.531 6.2 0.531 1.000 0.531 ©.626 11.3 0.626 ©.626 food prepared 
IV-139 0.562 0.562 0.987 ©. 569 ©. 641 0.641 ©.649 on three con- 
secutive days 
m=o. 528 m=0.537 m=o0.549 m=o0.627 m=o0.625 m=o0.629 





these columns are: st oc’: 24.1, st 2 : 21.3, bw oh: 18.0, and bw 2 : 10.6. The cor- 
rection obviously does not cancel the differences between the values obtained 
in the different experiments; as a matter of fact, the differences are greater 
after correction. A paper by Katmus (1943), published after the reported ex- 
periments were completed, shows that, according to environmental conditions 
the weight of an individual fly may undergo extensive variation in the course 
of its life. It is not surprising, therefore, that a correction by weight as applied 
here does not prove adequate. The correction of the general average of pigment 
concentration by the general average weight may have a better justification 
when there is a systematic and considerable difference in weight, due to geno- 
type, for example. Even then, great caution is called for, since it is easily shown 
that there often is no simple relationship between weight and pigment content. 
For example, in figure 12, which represents the pigment content as a function 
of temperature, the dotted lines give the pigment content corrected by weight. 
It will be seen that, while the red pigment so adjusted became almost inde- 
pendent of temperature, this does not seem to hold for the brown pigment. The 
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data of figure 14 show that the pigment content of bw flies raised under condi- 
tions of crowding is approximately 55 per cent of that of control flies. The 
difference in weight, however, is much less (0.651 mg and 0.969 mg, respec- 
tively) and, after correction by weight, the value for pigment content in the 
flies from the crowded cultures still is only about 80 per cent of the control. 
Further data pointing to similar conclusions will be found in table 5, to be 
discussed in the next section. 


Validity of the method of separate extractions 


As stated above, the unsatisfactory results of “double” extractions have led 
us to prefer in our work the separate extraction of the two pigment components 
from flies in which the formation of one of the components is suppressed by a 
mutant gene. This second method is obviously based on MarInx’s (1938) state- 
ment that the total pigmentation of a given mutant, x, is equal to the sum of 
pigments contained in the two double-recessives, x st and x bw. However, 
MaInx’s statement is a deduction from purely visual observation. Whether or 
not it holds when translated into strict quantitative terms is evidently an open 
question which has to be solved in each individual case because there may or 
may not be interaction between the main gene studied and the genes introduced 
to eliminate one of the pigments. Here we will limit the discussion to the case 
of the wild type eye. 

First, are the two pigments contained in the wild type eye qualitatively 
identical with those separately extracted from the mutants s¢ and bw? Since it 
has been shown that the determination of red pigment extracted from st with 
AEA is not measurably affected by contamination with small amounts of 
brown pigment, we have compared AEA extracts of wild type eyes with similar 
extracts of st eyes. Figure 18 shows that the absorption curves of the two ex- 
tracts are identical. The same figure shows absorption curves of extracts of 
three other mutants: vermilion (v), cinnabar (cm) and cardinal (cd), all three be- 
longing, together with st, to the so-called vermilion group of mutants. Their 
phenotypes resemble very closely the phenotype of st: their eyes contain very 
little or no brown pigment (SCHULTZ 1935; MAINX 1938). The figure shows that 
the red pigment extracted from these mutants is similar to that contained in 
wild type and st eyes. Observation of heads after extraction with AEA shows 
completely white eyes in v and cn, a slight purplish tinge in sé, and a consider- 
ably darker purplish color in cd. This color is exactly similar to that of bw eyes 
after double extraction and is undoubtedly due to the presence of a small 
amount of brown pigment. From the qualitative point of view, then, the genes 
v, cn, and st may all be used for the suppression of brown pigment. The greater 
amount of brown pigment in cd calls for caution. 

There seems to be identity also between the brown pigments contained in 
wild type and in bw eyes. The three curves of figure 19 represent the absorp- 
tions of: (a) brown pigment from wild type eyes taken out by double extraction 
(curve A); (b) brown pigment from eyes of the mutant bw extracted by the 
same procedure (curve C); (c) brown pigment from the eyes of the same mu- 
tant extracted directly in AMA (curve B). It will be noticed that on account 
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of differences in concentration the ordinates in this figure are given as log E. 
The three curves have definitely similar shapes. 

For reasons which will not be discussed here we chose to use for the suppres- 
sion of brown pigment the gene st. It therefore became important to ascertain 
whether or not the eyes of the mutant s¢ contain quantitatively the full amount 
of red pigment—that is, whether the gene s¢ suppresses the formation of the 
brown pigment only. Several experiments were performed in which wild type 
and st flies were raised under similar standard conditions (see above). They 
were grown in the same bottles. Table 5 contains the data obtained. It may be 
seen that the pigment content in st, as compared with wild type is 99.4 percent 
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Ficure 18 (left).—Absorption curves of red pigment extracted from identical numbers of eyes 
of wild type, cd, st, cn, andv 9 9 (Coleman). 

FicurE 19 (right).—Absorption curves of brown pigment extracted A—from wild type oc" by 
“double” extraction, B—from bw oo by direct extraction in AMA, C—from bw o’c" by “double” 
extraction. E calculated per 10 heads in 1 cc of AMA (Coleman). 


in o'o' and 97.4 percent in 9 9 when calculated from the E values and re- 
spectively 97.7 percent and 1o1.2 percent when calculated from the “Average 
E” values. In these experiments a systematic difference in weight appears to 
exist between the flies of the two genotypes. The correction by weight slightly 
exaggerates the difference in pigment content of females. After correction, the 
pigment content in st oo" is 101.8 percent and in st 9 2 105.7 percent of that 
in the wild type. The value of the correction by weight has already been dis- 
cussed. It is clear that the contents of red pigment in s# and wild type are 
practically equal. It must be emphasized, however, that the two stocks were 
not isogenic. 

The question as to the relative amounts of brown pigment in the eyes of 
wild type and of the mutant bw must also be raised. In order to answer it, 
it is necessary to estimate the brown pigment in the wild type eye; the difficul- 
ties of this estimation are those discussed in the section on double extraction. 
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TABLE 5 


Photometric determination (Pulfrich, 470 mu) of red pigment in wild type and scarlet 
Jlies grown in the same bottles. E—extinction per ten heads in 1 cc AEA. 





























WILD TYPE SCARLET 
EXP. NO. 
WEIGHT OF CORRECTED WEIGHT OF CORRECTED 
E AVERAGE E E AVERAGE E 
o' "IN MGS. AVERAGE E o'o’ IN MGS. AVERAGE E 
ro sre 

IV-171 4-160 4-160 1.072 3.884 4.068 4.068 1.052 3-868 
V-1 4-124 4-124 1.024 4.028 4-004 4-004 0.984 4.068 
V-5 4-348 4-348 1.020 4-264 4-184 4-184 0.946 4-424 
V-13 4-328 4-328 1.090 3-976 4.048 4.048 ©.972 4.168 

IV-69 3-892 4-132 
3-928 3-948 0.984 4-012 4-104 4.068 1.018 4-000 

4-024 4.076 
m=4.115 m=4.182 m=1.038 m=4.033 m=4.088 m=4.074 m=0.994 m=4.106 

ge 

IV-171 4-624 4-624 e 4-312 4-484 4-484 bad 4.264 
V-x 4-404 4-404 ¥ 4-300 4-572 4-572 = 4-648 
V-5 4-568 4-568 a 4.480 4-644 4-644 ° 4-908 
V-13 4-656 4-656 ° 4-276 4-528 4-528 ” 4-656 

IV-69 4-328 4.632 
4-404 4-348 S 4-416 4-616 4-640 - 4-560 

4-316 4-676 
m=4.471 M=4.520 m=4.357 m=4.503 M=4.574 m=4.607 





* See corresponding experiment in upper part of the table. 


It will be recalled that during double extraction a part of the brown pigment 
is lost, but whether or not the same amount of brown pigment is lost in the 
extraction of bw and wild type eyes is not known. Table 2 contains the data on 
brown pigment obtained by double extraction of wild type and bw eyes and by 
direct AMA extraction of bw eyes. If the amounts of pigment extracted from 
wild type and bw eyes by double extraction are compared, it appears that bw 
eyes contain approximately 30 percent less pigment than eyes of wild type. 
In this connection it will be noted that wild type and bw eyes, after the extrac- 
tion with AEA is terminated, both appear dark purple, but that the color is 
definitely darker in wild type. If, on the other hand, the comparison is made 
between the amount of brown pigment extracted from wild type eyes by 
double extraction and the amount of the same pigment extracted from bw 
eyes directly with AMA, the difference found is much smaller (6 percent). 
The important point is that even in this case direct extraction of bw eyes with 
AMA does not give more pigment than double extraction of wild type eyes. 
Even if the loss of pigment by double extraction of wild type is not what it is 
in the case of bw, there is no reason to assume that there is no loss at all], and 
thus the conclusion is reached that the eyes of the mutant brown contain less 
brown pigment than those of wild type. Here again the reservation must be 
made that the stocks used were not isogenic. 
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RECAPITULATION 


The experiments reported above provide the basis of a technique for pigment 
extraction and measurement which is currently used in this laboratory. This 
technique is briefly as follows: 

Flies grown under “standard conditions” are aged after emergence for at 
least two days in the case of bw and at least five days in the case of st. 

The flies are decapitated, and the heads are placed in the solvents. Entire 
bw heads are used, while st heads are split into halves with a safety razor blade. 

Acid ethyl alcohol is used for the extraction of red pigment; acid methy] 
alcohol for the extraction of brown. The first of these solvents is perfectly 
stable. The acidity of the second must be frequently checked. 

The extractions of pigment in both these solvents are complete in less than 
24 hours at 25°C. 

The red pigment extract, eventually filtered, may be used without further 
treatment for photometric determination of the absorption. The brown pig- 
ment must be oxidized with hydrogen peroxide. One and one-half to two hours 
should be allowed for the oxidation at 25°C. 

The optimum number of heads per sample depends of course on the instru- 
ment used for the determination of absorption. Using a Pulfrich photometer 
with 50 mm micro-cells the highest accuracy was found at 470 my with ex- 
tracts from 40 st heads in 100 cc AEA and from 4o bw heads in 10 cc AMA. 
These numbers of heads are sufficiently great for individual differences to be 
cancelled. 

This technique fulfills the requirements defined at the beginning of this 
paper. It is a rapid procedure, permitting work with small amounts of material 
and involving a minimum of manipulation. 


DISCUSSION 


The various observations made in the course of this technical study of pig- 
ment extraction are in agreement with the general conclusions of Marnx and 
BEcKER. The relative genetic and physiological independence of the two pig- 
mentation processes, controlled by the genes s¢ and bw, is paralleled by the 
clear differences in the properties and behavior of their end products. This 
conclusion, in which we claim no originality, is emphasized here because a 
different picture is frequently assumed on the basis of ScHULTz’s 1935 paper. 
To quote only one example, we read in GotpscHmipT’s book (1938, p. 32): 
“Both the red and yellow pigments are water soluble and may be separated 
chemically, and the red pigment can be oxidized into the yellow one. Re- 
ciprocally, the tan pigment of the early pupa may be reduced to red by action 
of H,S. This means that only one pigment, in different states of reduction, 
is present.” Similar statements are found in WADDINGTON’s book (1939) and 
elsewhere. 

The present work, actually based on the different solubility of the two pig- 
ments, shows equally clear differences in their behavior with respect to pH and 
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oxido-reduction changes. The latter observations would leave no doubt that 
the brown and red pigments are not related to one another as simple oxidation- 
reduction products were nothing known of their genesis. The relative inde- 
pendence of the two pigments is further emphasized by their different varia- 
tions with temperature and with the age of the flies. 

The independence of the two pigment components is qualified here as 
relative, because gene mutations at certain loci can suppress, partially or 
totally, both components simultaneously. This seems to indicate a common 
step in the reactions leading to the formation of the two pigments. The present 
work has shown that while the gene s¢ almost entirely suppresses the forma- 
tion of the brown component without interfering with the formation of red 
pigment, the gene bw totally suppresses the formation of red and at the same 
time somewhat decreases the amount of brown formed. The nature of the 
common step in the two pigment forming reaction chains is unknown. A pos- 
sible interpretation has been proposed by Erurussi and Cuavals (1938), and 
new experiments concerned with this problem will be presented in the next 
paper of this series. 

A last remark concerns the “age change.” This work has shown that, while 
most morphogenetic processes in flies are terminated at the time of emergence, 
the pigment deposition in their eyes is far from complete at this time. It will be 
recalled that, according to Marnx (1938), the age change concerns mainly, if 
not exclusively, the brown pigment component. The data presented above 
show that there undoubtedly is a change in the concentration of both pigments. 
That this quantitative change accounts for the total age change is doubtful. 
The visible change in the mutant bw seems to extend beyond the 24 hour period 
during which the increase of pigment concentration may be observed. Although 
the state of oxidation of the extracted pigment does not necessarily reflect the 
state of the pigment in vivo, the perfectly similar shapes of the curves of figure 
13, for untreated and oxidized pigment extracts, seem to indicate that oxida- 
tion or reduction are not responsible for the visible change. It is possible that 
the latter depends, in addition to the increase of pigment concentration, on a 
change in the state of aggregation of the pigment, due to increase of size of the 
pigment-carrying granules, as described by CocHRANE (1937). 


SUMMARY 


A detailed study is made of a technique for extraction and photometric 
estimation of the red and brown pigment components of the eye of Drosophila 
melanogaster. 

The action of some factors of variability of the pigment content (culture 
conditions, age of flies, etc.) is analyzed. 

The pigment content of the mutants s¢ and bw, used for the suppression of 
the red and brown pigments, respectively, is compared with that of wild type. 
The gene st¢ is found to suppress almost entirely the formation of brown without 
interfering with the formation of red. The gene bw totally suppresses the forma- 
tion of red, but also somewhat decreases the amount of brown. 
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INTRODUCTION 


HE approach to the problem of the genetic control of pigment formation 

has been a. varied one, since the process of pigmentation provides at one 
and the same time a favorable and a difficult medium for the study of gene 
action. It is especially favorable in the mammal because it has been subjected 
to a more extensive genetic analysis than any other single character yet studied 
in this group. The guinea pig provides excellent material from this point of 
view, and WriGcuHT (1916, 1917; 1925, 1927, 19414, b, c, 1942) has made a more 
exhaustive study of the interaction effects of the major color genes in this form 
than exists for any other mammal. Moreover, the reaction from gene to end 
product is relatively short and is always occurring in certain specific cells which 
are readily accessible to the experimenter. In addition, extensive data have 
accumulated in the related fields of biochemistry, embryology, and endocrinol- 
ogy, but such studies have necessarily been restricted to one or a few genotypes 
and have consequently led to an oversimplification of the picture in some re- 
spects. 

It has long appeared worthwhile to attack the problem of pigment formation 
by making a systematic study of the effects of all combinations of the known 
color genes on the physiological processes involved, thus combining the two 
possible approaches. A small contribution in this area could, conceivably, have 
large implications in the light of the data already made available by previous 
workers. This study involves such an attempt. 


Genetic background 


The major color genes of the guinea pig form seven series of alleles, none-of 
them linked (WriGHT 1941c). Different combinations of these alleles produce 
a gradation of visible pigmentation in the coat ranging from intense black or 
brown through various shades of sepia or light brown on the one hand, and 
from red through yellow and cream, on the other. WRIGHT (1927) has pre- 
sented an analysis of these effects based on graded hair samples. 

Later studies led to a quantitative refinement of the visible color grades by 
extracting the actual pigment and measuring it titrimetrically or colorimetric- 
ally. WRIGHT (1941b) has reanalyzed the effects of the color genes on the basis 
of the actual amount of pigment formed by the various genotypes as deter- 

1 This article is a revised version of a dissertation submitted to the faculty of the Division of 
Biological Sciences at the UNIVERSITY OF CHICAGO in candidacy for the degree of Doctor of 


Philosophy. The investigation was aided by a grant from the Dr. Wattace C. and Crara A. 
ABBOTT MEMORIAL Funp of the UNIVERsITY. 
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mined by E. S. Russet. (1939) and HEIDENTHAL (1940). His tabular presenta- 
tion of the quantitative relationships between pigment and gene perhaps is the 
best single summary of their effects. 

Melanic animals (sepias or browns) differ from yellow and red (xanthic) 
individuals by possession of the dominant gene E. Some yellow is possible 
even in E— individuals if A is present. E A animals have a yellow subterminal 
band in each hair which behaves exactly as ee yellow with respect to modifier 
genes. Moreover, E—ff pp individuals have very pale pure yellow in the hair 


TABLE I 
The average concentrations of pigment in the hair of guinea pigs at birth as determined by Wright.* 














SEPI BROWN YELLOW releases 
— . (E, e; F, f witHouT EFFECT) 
eFPB efPB 
EFPB EFPb EfpB eFPb efPb pB 
EfPB —— = EfPb Efpb eFpB efpB iad ” pb 
eF ph efpb 
C- 100 21 17 50 6 100 6. 36 Black Brown Pink 
oe go 18 15 42 ° 38 5 Black Brown Pink 
cect 82 15 13 47 ° 41 5 Black Brown Pink 
oct 64 9 II 40 ° 38 5 Black Brown Pink 
ee 94 14 13 43 ° 19 o+ Black Brown Pink 
oc 73 9 II 37 ° 18 o+ Black Brown Pink 
a 75 7 7 44 ° 14 o+ Black Brown Pink 
cAce 40 5 6 31 ° 14 o+ Black Brown Pink 
cc 84 5 6 45 ° ° ° Dk. Red Dk. brown Pink 
Red 
co 46 I I 33 ° ° ° Lt. Red Lt. brown Pink 
Red 
oct ° ° ° ° ° ° ° Pink Pink Pink 





* The sepias and browns are given on a scale in which intense black (EPBC) is 100. The 
yellows are given on a scale in which intense yellow (eFC) is 100. The latter has only about 20 
percent as much capacity for reduction of KMnQ, as intense black. Replacement of a by A, 
replaces the sepia, brown or yellow of E— combinations with the yellow of the corresponding ee 
combinations. The recessives are here represented by single symbols except in the C— series. 


in the presence of C— and possess no color_at all in combination with the lower 
alleles of the C series. The latter determines the intensity of whatever color is 
brought out by the other genes in a complex manner manifest as four levels of 
intensity in the yellow group, and as a series of waves in the sepias (see table 1) 
corresponding to the levels of yellow. WricuT (1917) has interpreted this as 
indicative of a difference in threshold for sepia and for yellow, and of compe- 
tition between the xanthic and the melanic processes. 

Replacements at the P and B loci are reflected by changes in the intensity of 
melanic pigmentation. Replacement of F by ff reduces yellow. A, C, E, P, and 
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B exhibit complete dominance, while F and the lower members of the C series 
are incompletely dominant over their alleles. e? produces a tortoise shell pat- 
tern of red (or yellow) and melanic areas in the same animal. The gene s (not 
referred to above) determines the presence of white areas in spotted animals 
(these are also affected by nongenetic factors). Self colored animals are SS. 
The white-tipped condition sometimes found in the hair of intense brown has 
been ascribed to an eighth gene, W’, by IBSEN (1932). This gene, or gene com- 
plex, produces a visible effect only in the genotype C bb P (WrRicHT 1942; 
EATON 1943). The relationship of these genes to eye color, though interesting, 
will not be discussed here, since it is not a part of this investigation. 


Histology 

Pigment is deposited as solid granules and is formed only in certain highly 
specific cells. These are the hair follicle cells and the dendritic cells found in 
the basal layer of the epidermis. The origin of these pigment-forming elements 
has not been clearly demonstrated for the guinea pig as yet, but it appears 
likely that they come from neural crest, since such an origin has been demon- 
strated for the pigment cells of several vertebrate groups by Du SHANE (1935, 
1938), Dorris (1938, 1939), EASTLICK (1939), and RAWLEs (1940). The de- 
limitation of the pigment-producing cells does not depend solely on observa- 
tions of where the pigment granules are deposited, but may be accomplished 
by use of the dopa (3:4 dihydroxyphenylalanine) test as introduced by BLocu 
(1917). Although Biocn’s claims that a particular enzyme is at work in the 
pigment cells and that his dopa reaction is directly proportional to the pig- 
ment-forming activity have not been borne out by other workers, the fact 
remains that dopa may be used as a highly specific histochemical indicator of 
pigment cells in the mammal. Thus, it is possible to use the dopa test in order 
to isolate the cells involved in the pigment-forming process regardless of 
whether or not the theory behind its use is sound in all details. 

A great deal of importance attaches to the specificity and determination 
of the melanophores and xanthophores. HAmiILTon (1941) has offered evi- 
dence from tissue culture that argues for the view that the differences between 
cells capable of precucing red pigment and those capable of producing melanic 
granules in the fowl are immutable after differentiation. WANG (1943) has 
shown that final differentiation occurs under the influence of the epidermis. 
Genetic evidence supports the concept of at least two qualitatively different 
systems (namely, black and red), though no more direct information exists for 
the mammal. 

Physiology 

It seems clear that the process of pigment formation involves the conversion 
of a colorless chromogen to a colored substance through a chain of oxidative 
reactions. This has led to the simple assumption that various degrees of pig- 
mentation reflect corresponding changes in the stage of oxidation of the sub- 
strate. Thus “red” natural pigment has often been compared with the reddish 
phase through which dopa passes in its conversion into melanin. The oxidative 
processes could be controlled in various ways. It is possible that they depend 
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upon enzymatic activity, in which case one or several enzymes must be postu- 
lated and their sources determined. It is also possible that many phases of the 
reaction can occur in the absence of any such system. In such an event, oxida- 
tion-reduction potentials could be the determining influences (FIGGE 1940). 
As an alternative to these hypotheses, some evidence exists in favor of the 
presence of certain inhibitory substances which may merely be absent in the 
pigment cells, making it possible for oxidation of the substrate to occur and 
proceed to a stage determined by the quantity of inhibitor. The amount of 
substrate available may also be a limiting factor. 

All attempts to analyze the pigment-forming processes have invoked one of 
these possible factors or some combination of them. BERTRAND (1896), BIE- 
DERMANN (1898), and others were able to demonstrate tyrosinase activity in 
plants before the turn of the century. Inhibitory substances were also found. 
This led to the view that tyrosine was the substrate from which melanin is 
formed. RAPER (1928, 1932) later demonstrated that the more easily oxidizable 
dopa is an intermediate product in the artificial formation of melanin from 
tyrosine; since then several related diphenols and polyphenols have been used 
by workers as possible substrates. 

The work of BLocu (1927) led him and others to suggest the possibility of a 
specific dopa oxidase in the pigment cells. This provoked severe criticism 
based on the fact that dopa is too easily oxidized by nonspecific substances 
and that conditions other than the presence of a particular enzyme may have 
been involved. Part of this criticism arose from the early view that tyrosinases 
would oxidize dopa. Recent work by KusBowitz (1937) and by Kern and 
MANN (1938) has demonstrated that it is possible to prepare a highly purified 
polyphenol oxidase from extracts that originally showed marked tyrosinase 
activity. The purified fraction no longer exhibits such activity, nor is it a spe- 
cific dopa oxidase. It is quite specific, however, toward a class of substrates— 
the polyphenols. BLocu’s “dopa oxidase” may be just such an enzyme. 

FIGGE (1940) obtained evidence for the dependence of the dopa reaction on 
the oxidation-reduction potential of the system, there being inhibition by po- 
tentials beyond certain values in either direction from an optimum. He was 
able to produce similar results im vivo by keeping salamanders in dilute solu- 
tions of redox dyes. This led him to the conclusion that no enzyme is necessary 
for the conversion of dopa to melanin. Other evidence of a more circumstantial 
nature corroborates this view. CUNNINGHAM (1931) found that very small 
amounts of copper will exert a profound oxidizing effect upon dopa. The poly- 
phenol oxidases recently prepared from different sources are high in copper 
content, and the amount of copper that may be extracted from mammalian 
skin and hair (SARATA 1935) is directly proportional to the pigmentation. It 
is entirely possible, therefore, that copper acts as a catalyst to the reaction, or, 
more probably, that the enzyme itself is a copper proteinate. The essential role 
of copper, however it may act, is illustrated by recent work on nutritional 
achromotrichia (KE1 and NELSON 1931) where hooded rats kept on a copper- 
free diet lost pigment that was promptly restored when the deficiency in the 
diet was corrected. 
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A great deal of additional information exists with respect to other dietary 
factors, ultraviolet light, hormones, and activators. These have not yet been 
sufficiently related to the genetic mechanism to warrant discussion here. 


Genetic control of the physiological processes 


Two methods have been used with some success in relating the genes to the 
physiological mechanism of pigment production. Both depend upon the sup- 
position that an enzyme system is basic to the melanogenic processes and 
that some of the color genes act by controlling the level of enzyme production. 

The first of these involved attempts to prepare extracts from genetically 
known materials and to test them for possible enzymatic activity toward sup- 
posed pigment precursors. Earliest attempts were made using tyrosine as a 
chromogen. Later, more successful attempts were made using dopa, though 
no conclusive data were obtained with either substrate. 

DvuRHAM prepared aqueous extracts of the skins of young black rats, rab- 
bits, and guinea pigs as early as 1904. She used tyrosine as a chromogen and 
ferrous sulfate (supposedly as an activator, though ONsSLow (1915) later dem- 
onstrated that the reverse was actually true—that is, ferrous sulfate inhibits 
the reaction). She reported differences between color types, but ONSLOW was 
unable to confirm her results. In following the then extant theory of Bacu 
and Cuopat (who held that oxidases consist of a peroxide and a peroxidase) 
ONnsLow prepared chloroform extracts of rabbit skins and tested these against 
tyrosine at a slightly alkaline pH in the presence of hydrogen peroxide. On- 
SLow also claimed positive results for dark-skin extracts, but Pucu (1933) was 
unable to confirm him. CHARLES (1938) observed two cases of possible tyro- 
sinase activity in extracts made from the black areas of skins of spotted mice, 
but only after long incubation. 

KOLLER (1930) used dopa as a chromogen and obtained results similar to 
OnsLow’s. He did not state his experimental pH, nor were his controls ade- 
quate. 

Both KAUFMANN (1925) and Kosswic (1927) were unable to repeat On- 
SLOW’s results. The latter worked with skins of black rats and with lymph from 
the skins of black rabbits. He was unable to obtain positive results with either 
tyrosine or dopa. As a matter of fact, his extracts inhibited the auto-oxidation 
of dopa. 

DANNEEL and SCHAUMANN (1938), faced with these mutually contradictory 
results, attempted to repeat some of them and to carry the work to a point 
that would clarify this phase of the problem. Their repetition of ONsLow’s 
work gave wholly negative results. When KoLier’s method of replacing tyro- 
sine by dopa was used, and adequate controls were run, it was found that not 
only were the extracts inactive, but they inhibited the auto-oxidation of dopa. 
On the basis of their own work they concluded that the extracts consisted of an 
inhibitor, produced by the extraction and contained in the albumin fraction, 
and a dopa oxidase, contained in the globulin fraction. 

The second method used to relate the physiological and the genetic mecha- 
nisms involves treating frozen sections of skin with properly buffered chromogen 
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and observing the histochemical results. ScHuLTz (1925) used this method with 
rabbits, and KRONING (1930) found it applicable to guinea pigs. W. L. Rus- 
SELL (1939) made an extensive investigation of genotypes of the guinea pig, 
using animals bred by PRorEessoR WRIGHT. APPEL (unpublished) has con- 
firmed his results. { 

In general, RussELL found that the reactions in the basal layer of the epi- 
dermis were different from those exhibited by the hair bulb. The C series af- 
fected the dopa reaction in both areas. Four levels of intensity were distin- 
guishable in the hair bulb following the order shown by the effects of this series 
on yellow in table 1. The strongest reaction was obtained with C, a lower one 
with any of the group c*c*, c*c*, or c*c*, still lower with c*c’, c*c*, c4c", or c4c*, 
and none at all with c’c’, c’c*, or c*c*. On the other hand, C was necessary for 
any reaction at all in the basal layer. No reaction occurred in white regions of 
ss (spotted) animals that gave a strong reaction in the black areas. Replace- 
ment of E by ee reduced the hair-bulb reaction slightly but had no effect on 
the basal layer; ff had a stronger but parallel action. On the other hand, pp 
markedly reduced the basal layer reaction but did not seem to make any dif- 
ference in the hair bulb. This could indicate that two enzyme systems are 
present, both capable of catalyzing the dopa reaction, but each concerned with 
only the black or the yellow phase of pigment production. The hair-follicle 
celis gave only reactions which paralleled yellow pigment production regard- 
less of the color of the animal. The reverse was true in the basal layer. 

Other interpretations are also possible as indicated in the previous section. 
The observed effects of the genes on the dopa reaction may be due to effects on 
non-enzymatic conditions that regulate the process, and there may be no en- 
zyme system whatever involved during the dopa-to-melanin phase of pigment 
formation. The frozen-section method cannot clarify the problem beyond pro- 
viding a basis for the demonstration of gene-controlled differences and showing 
where these occur. If an enzyme system is involved, its analysis depends upon 
the evolution of suitable methods of extraction and purification. 


MATERIALS AND METHODS 
The test solutions 


Of the two pigment precursors most generally used, only dopa has given 
favorable results that can be relied upon. It was, therefore, used in these ex- 
periments in the concentration found adequate by RussELL (1 mgm/cc buf- 
fer solution). 2M/15 phosphate buffers were used and the pH adjusted to 7.4 
and tested before each experiment. Phosphates afford adequate protection 
against changes in pH and do not interfere with the dopa reaction as borax 
buffers do. Carbonates, though usable, are less stable on contact with air. 
Ordinary distilled water (tested for electrical resistance) was used in most of 
these experiments. A few were run with double distilled water, but this method 
was soon discarded as no differences were noted in the results. 

The pH was fixed at 7.4 and the incubation temperature at 40°C in order to 
approximate the conditions under which the reaction must take place in the 
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guinea pig. Both conditions are favorable for the dopa reaction, but neither is 
optimal. 

The final ratio between extract and dopa solution was fixed at 1:1 after 
several other relationships had been tried because this gave maximum dif- 
ferentiation between white and black animals with any given extract. One-half 
cc of each was used in order to conserve materials. This amount is adequate. 

An incubation period of six hours was used in the early experiments, but 
this proved too long because some settling out of dopa melanin could easily be 
forced by short centrifugation after such an incubation period. This was un- 
desirable from the point of view of colorimetric assay, so after a number of 
trials, a two hour period was adopted. 

Dopa itself is easily oxidized when exposed to air in an alkaline medium and 
at body temperature so that it changes from a colorless compound through 
pink and purplish-brown intermediate stages to a dark colored solution in four 
to six hours at the concentration used in these experiments. The almost black 
dopa melanin will then aggregate and precipitate out on further standing. In 
order to judge the effect of the extract as compared with the auto-oxidation of 
dopa, a control consisting of one-half cc buffered dopa+ one-half cc distilled 
water was always included in each experiment. 


Genotypes 
All animals used were taken from matings made by PRorEssoR SEWALL 
WRIGHT, and genotypes were determined by him from the pedigrees. Results 
obtained with animals of questionable genotype were not included in the final 
tabulations. 
Technique of extraction 


Animals 30 days old or older were killed with ether, clipped, and skinned by 
making a mid-dorsal incision. All subcutaneous tissue was removed by scraping 
with a knife, and the skins were washed under cold, running tap water for one 
to two hours. They were then superficially dried, reduced to a standard weight 
by discarding any excess, individually wrapped in cheesecloth, and frozen 
solid in a refrigerator overnight. After this they were ground in a meat grinder 
and mixed with one-half their weight in chloroform and one-tenth their weight 
in infusorial earth. This pulp was thoroughly mashed in a mortar, wrapped in 
cheesecloth, and any contained fluid was expressed by means of an efficient 
cast-iron screw press. This was filtered twice through double layers of filter 
paper and a plug of infusorial earth to give a final extract that was slightly 
opalescent to the eye. The extracts were allowed to stand overnight in a re- 
frigerator (chloroform added as a preservative) and were used the following 
day. These were termed the “immediate” extracts. In several instances ex- 
tracts were not used until one or four days after the usual interval of standing. 
These were termed the “delayed” extracts. 

Buffered dopa was freshly prepared before each experiment, and reaction 
mixtures of dopa and extract were made up as indicated above. These were 
incubated in cotton-plugged test tubes for a period of two hours at 40°C. They 
were then read by visual comparison and in the Evelyn photoelectric colori- 
meter (EVELYN 1936). 
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All such tests made with white animals, regardless of the genetic reason for 
their whiteness, inhibited the auto-oxidation of dopa for eight hours or more. 
There was frequently a just discernible increase in opalescence, but rarely any 
trace of color visible to the eye. As brought out later, some color could be 
detected by colorimetry. In contrast, the auto-oxidized control was always 
quite dark. Extracts prepared from C—FF animals were often considerably 
darker than the control (by visual inspection) but were as frequently at control 
level or even lighter. All intermediate reactions between this and complete 
inhibition were obtained, depending on the genotype being tested. 


Measurement of the reaction 


The relative concentrations of dopa melanin formed as a result of incubating 
the dopa solutions with extracts prepared from various sources were deter- 
mined by photoelectric colorimetry. Visual colorimetry, employing a Klett 
biometer, would have been impractical because it is exceedingly difficult to 
prepare suitable standards and because the subjective error is relatively great 
with very light-colored materials. Duboscq colorimetry, while accurate, also 
has the disadvantage of requiring standards. The Evelyn photoelectric colori- 
meter has none of these disadvantages and affords a rapid method for the de- 
termination of the concentration of any colored substance in solution for 
which a suitable filter can be found. Such a filter must be sufficiently selective 
to make the laws of Lambert and Beer applicable. SprecEL-ADOLF (1937) 
showed that these laws could be applied to melanin solutions. 

The method involves the passing of monochromatic light (in this case be- 
tween 3800 and 4600 A) through control and test solutions. The intensity of 
the light source was adjusted so as to give the maximum galvanometer reading 
on passage of the light through a distilled water control. This was followed by a 
galvanometer reading of the test solution (made up with dopa and extract). 
Readings of the colorless solutions containing extract from white skin showed 
some absorption of light due to murkiness. Allowance should obviously be 
made for this in determining the amount of dopa melanin produced in the tests 
of colored skin. It was at first assumed that the tests of extracts from whites 
could be used for this purpose. This turned out to be rather unsatisfactory 
because of variability and because the light absorbed by such solutions in- 
creased with time. In the later tests a galvanometer reading was obtained for 
each extract from a control containing the extract at the standard dilution, but 
without dopa. 

The transparency (T) of a test solution is measured by the ratio of the in- 
tensity of the transmitted light (I) to that of the incident light (Io): T=I/Ip. 

The amount of light that escapes absorption falls off exponentially with the 
concentration (C) of the absorbing substance: T=e-*°, C=(1/K) log, (1/T), 
where K is a constant. 

The optical density (L), as conventionally expressed in photoelectric colorim- 
etry is defined as follows: L=logio (1/T). It is obviously proportional to the 
concentration. 

The galvanometer reading is proportional to the intensity of the light 
striking the photocell. As the galvanometer is adjusted to give the maximum 
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reading of 100 (with each filter) in the case of the blank, the reading for a given 
solution (and filter) needs merely to be divided by 100 to give the value of T 
after a correction has been made to eliminate the non-linear relationship be- 
tween the amount of light incident upon the photocell and the current actuated 
by that cell: T= G/100 and L=logiy (100/G) = 2—logy G. 
All readings are given in terms of the Activity Index, A, derived as follows: 
Lr=optical density of the chromogen in the test solution (dopa+extract). 
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FicurRE 1.—A regression line comparison 
between the dopa oxidase activity (A) and the 
concentration of extracts as measured by their 
murkiness (Ly). 


FicurE 2.—Absorption spectra of dopa 
melanins formed by the action of three differ- 
ent oxidizing agents on dopa. Auto 
oxidation (two samples). —X—X-— Potato 





extract (three samples, each prepared from a 
different potato). ---------------- Guinea pig ex- 
tract (nine samples, each prepared from a 
different animal). All melanin samples in this 
and the following figures were dissolved in 
o.2 N KOH unless otherwise indicated. 


Lam = optical density due to the murkiness of the individual solutions (con- 
trol containing extract but not dopa). In the earlier tests, in which there were 
no individual murkiness controls, the average of all of later murkiness readings 
was used as Ly. 

Lp=optical density of dopa melanin in the control (containing dopa but not 
extract). A=(La—Lm)/Lp. 

This index shows at a glance whether the extract has been largely inhibitory 
(A less than 1) or enzymatic (A greater than 1) in effect. It must be re- 
membered in this connection that extracts reading less than one may show 
various degrees of activity above that shown by extracts from white even 
though below the level of auto-oxidation. We shall anticipate the conclusion of 
later discussion by referring to such activity as enzymatic. 

There seems to be a measurable relationship between the murkiness of the 
extracts as defined above and their activity (fig. 1). Correlation coefficients 
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between the activity index (A) and the murkiness index Ly were obtained for 
49 animals of genotype C—FF and for 56 animals of other genotypes shown 
later to be less active. In all of the former, Ly was 0.05 or less. There were six 
cases in the second category in which Ly was higher and activity was virtually 
absent. These are excluded, because if 0.05 is the point of practically complete 
inhibition, and if all values beyond this point show virtually no activity at all, 
there is obviously no justification for flattening the slope of the regression line. 

In the extracts prepared from animals producing little or no enzyme the 
correlation between A and Lm was — 0.67, and the regression of A on Ly was 
—12.3+2.4. If the extracts are almost water clear, the activity (about 0.8) 
tends to approach the level expected from auto-oxidation (1.0). As murkiness 
increases, the activity declines sharply in an approximately linear fashion to 
the point Ly=o.o5 at which A practically reaches zero. 

Extracts obtained from animals of genotype C—FF also showed greatest 
activity (about 1.25) when the murkiness was negligible, but this level of 
activity was relatively slightly reduced as the murkiness increased (r= — 0.28, 
b=—5.9+ 2.9), suggesting that both enzyme and inhibitor are concentrated in 
the less clear solutions, but that the inhibitory activity slightly outweighs the 
enzymatic effect. When no enzyme is present, only inhibitor is concentrated as 
murkiness increases, and the slope of the line representing this relationship is 
consequently much steeper. This seems to be the most plausible of the possible 
explanations in the light of the evidence (to be discussed later) for the existence 
of a gene controlled enzyme and of a separate but naturally occurring inhibitor 
whose concentration is apparently not ¢ function of the color genes. 

The relatively wide variation in the opalescence of the extracts is not related 
to either the age or the genotype of the animals. It accounts for a substantial 
portion of the variability of the final readings. Since the regression lines (fig. 1) 
are based on large composites of various genotypes (table 2), no one of which 
could be separated out with confidence because of small numbers, and each of 
which may have its own characteristic slope, it becomes impracticable to apply 
a correction factor based on the regression coefficients in order to equate the 
concentrations of enzyme and inhibitor in all extracts to a common denomi- 
nator. 

All series are otherwise strictly comparable. Each 1-cc reaction mixture (and 
control) was diluted to 10 cc with the buffer mixture and was read in the 
colorimeter at this dilution. Corrections were made as described. 


Absorption spectra of the melanins* 


In order to know how the genes affect the color-producing system, it is de- 
sirable to know whether the end products differ qualitatively or quantitatively 


2 BAKER and ANDREwS (1944), in a paper which appeared while the present article was in 
press, report differences between light absorption curves of red and black guinea pig melanins 
which are in agreement with those obtained from this study. Their interpretations differ from those 
given here in being predicated on the assumption that red pigment is more highly oxidized than 
black, and that the E gene must therefore determine a lower level of oxidation than the gene com- 
bination ee. Direct measurements of the oxidative capacities of the pigment-forming cells in these 
genotypes as made by W. L. RussELt (1939) show that the reverse is actually true. 
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from each other. Different interpretations are necessary for either alternative. 

Many studies made with the melanins indicate that there is no difference 
between them that can definitely be ascribed to a different molecular struc- 
ture. These studies are deficient in two respects: (1) No really good methods 
of obtaining clear solutions of melanin were developed until recently. (2) No 
really pure intense red pigment was used in any analysis known to this writer 
that was undoubtedly free from contamination by sepia pigment. 

The problem, therefore, is still open. Thanks to the efforts of E. S. RussELL 
(1939), HEIDENTHAL (1940), and IvasKa (unpublished), improved methods 
were developed for extracting the different pigments. As is well kndwn, the 


TABLE 2 


Distribution of some of the major genotypes with respect to murkiness (Ly) and dopa 
oxidase activity (A). 











NUMBER 
GENOTYPE OF Iu A 
ANIMALS 
eeaa C—FF P—B— 7 ©.021+0.005 0.69+0.10 
aa 

E-—A—C—FF P—B— 20 ©.021+0.003 0.92+0.08 
E-—aa C—FF P—bb 17 ©.026+0.005 1.22+0.10 
E-—aaC—FF pp B— 5 ©.039+0.010 0.98+0.03 
eP 
E-—aa C—Ff P—B- 10 0.018 +0.005 0.70+0.14 
ee 
E-—aa C—ff P—B- 12 ©.022+0.005 0.56+0.11 
Combinations with lower 
alleles of the C series. 39 ©.028+0.003 ©0.32+0.04 





blacks and reds differ greatly in ease of extraction, a fact which may depend 
either on a chemical difference or on the density of the granules. Once in solu- 
tion, the color is surprisingly similar. The reader is referred to the above papers 
for a fuller discussion of pigment solutions. 

DANIEL (1938), using a Kénig-Martens spectrophotometer, was unable to 
find any reliable difference in the absorption spectra of the various melanin 
pigments. However, she had no pure red samples to work with. Accordingly, 
spectra were determined for solutions of pigment extracted from guinea pig 
hair and read in the Evelyn colorimeter. Each sample was read twice at each of 
ten points on the visible spectrum (fig. 2-6) by the use of suitable filters. The 
readings were then converted to logio optical densities (logio L) and plotted as 
such in order to achieve a direct comparison between percentage differences. 

Ten cc aliquots of each solution to be tested were placed in the colorimeter 
tubes for analysis as described above. In some cases, water was used as a sol- 
vent. Resulting curves showed very little slope and a suspensoid sometimes 
formed which was not very satisfactory for reading because of the large size of 
the suspended particles. Two-tenths N KOH was used as a solvent in all other 
cases. 
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Dopa melanin in any stage of oxidation or however derived, tyrosine melanin 
at any stage of oxidation, potato-melanin and dissolved pigment from black 
or sepia pigs (all samples of guinea pig pigment were prepared by Miss 
IvasKA) have similar spectra. This is compatible with the notion that dopa 
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FicurE 3.—Absorption spectra of various natural and artificial melanins. — X — X — Natural 

melanin extracted from the hair of eight different black guinea pigs (E—aaC—FFP—B-—).* 

Natural melanin extracted from potato peelings. ---------------- Natural melanin ex- 

tracted from the hair. of three different red guinea pigs (eeaaC—FF—B—).* —O—O- Artifi- 
cial dopa melanin (14 samples).* —A—A— Artificial tyrosine melanin (two samples).* 


* Each point on the spectra in the accompanying figures is based on the average of inde- 
pendent readings made as described in the text for each sample separately. 


melanin, tyrosine melanin, and natural melanin pigment, wherever found, are 
one and the same substance, and that lighter and darker shades of melanic 
pigmentation are essentially nothing but quantitative variations. It is also en- 
tirely possible that any differences that might exist between the solutions of 
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artificial pigment at early and at later stages of oxidation were masked by the 
occurrence of a small amount of completely oxidized (black) pigment at a time 
when the solutions still appeared to be light pink or red. Natural red pigment 
from genetically red pigs, however, gives a curve with a much steeper slope. 
The occurrence of demonstrable impurities in the solutions renders a more 
detailed and rigorous comparison unreliable for the present. 

It is impossible to state the nature of the difference between natural red pig- 
ment as it occurs in the guinea pig, and all the other samples tested at the 
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FicurE 4.—Absorption spectra of dopa FicuRE 5.—Absorption spectra of dopa 
and tyrosine melanin in aqueous solution. and tyrosine melanin in different solvents. 
Tyrosine melanin (three samples). _—————— Dopa and tyrosine melanin in 


anna----------- dopa melanin (thirteen samples). aqueous solution (sixteen samples). -------------- 
Dopa and tyrosine melanin dissolved in o.2 N 
KOH (sixteen samples). 


present time. Both curves show maximum absorption at the violet end of the 
visible spectrum and a rapid decrement with increasing wave length that is 
definitely greater in the case of pigment from red guinea pigs than in that from 
the other sources. There is no well-defined absorption band in the visible spec- 
trum in either case, although both show a slight hump in the blue-green area, 
the significance of which requires further study. Whether the difference de- 
scribed above is to be attributed to chemical structure or to physical state in 
these colloidal solutions is uncertain. 


MAJOR RESULTS 
Initial considerations 


Preliminary indications (based on table 3) are that all whites, regardless of 
genotype, yield an extract that almost completely inhibits the dopa reaction 
under the conditions mentioned. This includes the white areas of spotted ani- 
mals (ss), the white of albinos (c*c*), and the white of red-eyed whites (ee c’c*). 
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FicuRE 6.—Absorption spectra of dopa and tyrosine melanin at various stages of oxidation. 


FiGuRE 6a.—Auto oxidized dopa. —--———— After 29.5 hours at 40°C. 
o--------------- After two hours at 40°C. 


FIGURE 6b.—Dopa melanin formed by the oxidizing action of potato extract. —————— .Af- 
ter four hours at 40°C. ---------------- After one hour at 40°C. — X — X — Immediately after addi- 
tion of colorless, filtered extract. 


FIGuRE 6c.—Tyrosine melanin (in aqueous solution) formed by the oxidizing action of potato 
extract. ——————— After four hours at 40°C. ---------------- After one hour at 40°C. -O—-O-— 
Immediately after addition of extract. 


FiGurE 6d.—Tyrosine melanin (in 0.2 N KOH) formed by the oxidizing action of potato 
extract. —————— After four hours at 40°C. --------------- After one hour at 40°C, -A—A— 
Immediately after addition of extract. 


Note: All extracts were pigment free as judged by colorimetric tests. 
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At the other extreme are the strong reactions given by the extracts from 
most of the blacks, browns, and some of the paler types. Some blacks and 
browns, however, give extracts that almost completely inhibit the dopa re- 
action. In fact, it is impossible to correlate the level of black, brown, or sepia 


pigmentation with the dopa reaction given by extracts from such skins. Some 


TABLE 3 


Genetic levels of enzyme production. 
(All readings are in terms of A values of page 184) 
































IMMEDIATE DELAYED 
GENOTYPE COLOR 
STANDARD STANDARD 
NO. MEAN E NO. MEAN S.E. 
DEVIATION DEVIATION 
E—‘aaC—FFP—B— Black 25 0.97 0.34 0.06 5 1.68 o.61 0.30 
E-—A-—C—FFP—B-— Agouti 7 0.92 0.38 o.1I 3 1.18 0.23 0.31 
E—\aaC —FFP—bb Brown 14 1.09 0.24 0.09 13 1.98 0.82 0.21 
E-—aaC —FF ppB— Pale sepia 7 0.92 o.18 O.11 3 2% 0.04 ©.40 
E-—1C-—FF —_ 53 0.99 0.35 0.05 24 +«+1.79 0.80 0.16 
E—aaC —Ff Melanic* 8 0.78 ©.42 ©.10 s «2.8 i — 
E-aaC-ff Melanic? Ss pe 0.21 0.12 3. 1.00 0.38 0.28 
ee’ C—FF Red‘ 9 0.65 0.27 0.08 5 0.94 ©.07 0.21 
ecaaC —Ff Red 7 0.53 0.25 0.09 _ _ _ _ 
e@aaC —ff Yellow‘ 9 0.27 ©.20 0.06 I 0.75 _- _- 
PARP Dilute’ 5 0.29 0.25 0.09 2 0.56 oa — 
—A4eeRP Dilute® 27 0.30 «400.18 «= 0.04 12 0.37. 0.62 0.09 
—Cc FFI White or dilute brown® 7 0.28 0.26 0.07 3 0.37 0.13 °o.18 
—C°FF White (from albinos) 12 0.16 0.16 0.05 6 0.34 0.23 0.12 
ss— White (from spotted 
animals)* 5 0.30 ©.10 0.09 3 0.20 0.05 0.15 
Below C or white of 
ss _ 56 0.27 0.21 0.03 26 0.37 0.19 0.03 
146 Animals 60 Animals 





1 Includes some e?e” in which black or brown areas from tortoise shells (ee?) were used. 

2 Includes black (P—B-—), pale sepia (ppB—), intense brown (P—bb), and pale brown (pdb). 

3 Includes some e?e? where red or yellow areas from tortoise shells (e?e”) were used. 

4 Includes both black-eyed (P —B—) and pink-eyed (ppB—) animals. 

5 Includes yellow-agouti (A —-P—B-—), yellow (aaP—B-—), black (aaP—B—), brown (aaP—bb), and pale sepia 
(aappB—). 

® Includes blacks (aaP —B—), sepias (aaP —B—), and creams (ee). 

7 Includes whites (eeB —) and dilute brown (E —5d). 

8 Four of these were E—C—FF. 


very lightly pigmented animals are capable of producing a reaction fully as 
strong as that obtained from much darker specimens, while some of the latter 
produce strong inhibition as cited. These differences, which seem impossible 
to interpret from the standpoint of quantity of pigment, fall into order when 
considered from the standpoint of genotype. Further order is obtainable by 
distinguishing the cases in which the extracts were used immediately from 
those in which they were held over for one or more days, since it appears that 
such delay in the use of the extracts produces a variable enhancement of the 
oxidative effects of the solutions (see table 3). 
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Effects of the genes on the dopa reaction 


The relative effects of the extracts, based on genotype, are brought out by 
the groupings in table 3. Since the numbers in many of these groups are small, 
the standard deviations (table 3) cannot be relied upon as a basis for calculat- 
ing meaningful standard errors. Neither can the average intra-group standard 
deviation be used, because the magnitude of each standard deviation tends to 
be proportional to the size of the mean. Smoothed estimates of the standard 
deviations were accordingly obtained from the regression of standard deviation 
on mean (r=0.64, b=0.16+0.02 in the case of the “immediate” tests; r=o.6s, 
b=0.28+0.04 in the “delayed” tests). 

It appears that there are no important differences among the four groups 
showing greatest activity or among any of the subgroups within these. Com- 
parisons not shown here indicate that there is no difference in dopa reaction 
between extracts from black or brown areas from tortoise shells (ee?) and 
those from black or brown self colored animals (E—). As illustrated in the 
table, replacements at the P, B, or A loci do not affect the reaction significantly 
though pp pale sepias have only 21 percent as much pigment as black animals, 
and the intense browns (0b) have only 50 percent even when white-tipping does 
not occur. Most of the browns tested were very much lighter, in fact, because 
of white-tipping. All of the above produce a strong dopa reaction as long as 
E—C-—FF are present, the average being o.99+0.05 for the cases in which 
the extracts were used immediately. The reactions in “delayed” tests are ir- 
regular but significantly higher. It is noteworthy that the average amount of 
melanin produced in the latter is above that produced on auto-oxidation of 
dopa during the same interval, and that some individual readings give A values 
of over 4.00. 

Red areas of both eeC — FF and e?e"C — FF animals give a significantly lower 
reaction than is obtained for any of the groups cited above (average=o.65 
+0.08). 

The replacement of FF by ff reduces the dopa reaction drastically (from an 
average value of 0.99+0.05 to one of o.51+0.12 for the sepias and browns, in 
spite of the fact that there is no visible difference between the coat colors of FF 
and ff melanics; and from 0.65+0.08 to 0.27+0.06 in the case of the already 
somewhat reduced reds, where ff is visibly much ligher than FF). Ff is inter- 
mediate in both cases, giving an average of 0.78+0.10 in the sepias and 
browns, and one of 0.53 +0.09 for the reds. It is to be noted that E— (or e? in 
the melanic areas of tortoise shells) shows more activity than ee (or e? in yellow 
areas of tortoise shells) not only in the presence of FF, but also in combination 
with Ff or ff. In yellows of genotype eeff there appears to be no activity at all 
(0.27+0.06 as compared with 0.27+0.03 in the case of whites and others 
exhibiting negligible activity). Therefore, we must postulate a systematically 
lower level of oxidative activity for reds and yellows (ee combinations) than 
we do for blacks, browns, and sepias (E— combinations) of otherwise similar 
genotypes. 

In the presence of FF it is possible to produce a reduction in the dopa re- 
action if lower members of the albino series are substituted for C—. It has 
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already been noted that there the minimum reaction, approaching complete 
inhibition, is found in albinos (c*c*) and eec’c* whites. This was also the case 
in Eec’c* browns, although these have considerable more pigment than pale 
sepias of genotype E—C—FFpp which are highly active. It is doubtful, more- 
over, whether there is any reaction at all even when c*c* is the highest 
combination of the series present if the tests are made immediately. No effect 
is obviously demonstrable from the average (0.29+0.09) derived from the 
blacks, browns, yellow-agoutis, sepias, and yellows of this group. If, however, 
the delayed extracts are considered, it becomes apparent that it may be pos- 
sible to concentrate the active substance in such combinations on standing. 
No similar concentration is possible with the ss, c*c*, or eec’c* whites. Delayed 
c*4cr¢ blacks, sepias, and creams give occasional readings as high as 0.60, 
though their average is only 0.37. There is, therefore, the possibility of the 
production of an active agent in all colored areas of FF animals carrying c* or 
c? as their highest albino allele. No such activity was exhibited by extracts 
made from the skins of any of the white animals or from white regions of 
spotted animals, even on standing. When only the “immediate” group is 
considered, there is no evidence for treating any combination of alleles below 
C in the albino series as a separate category. The entire group may be con- 
sidered an entity for purposes of comparison with other genotypes. Standard 
errors for this and the large melanic composite (including black, agouti, 
brown, and sepia) were calculated from the entire data in the manner already 
discussed by regrouping and by fitting new regression lines (r=0.93, b=0.19 
+o.o1 for the “immediate” and r=o0.95, b=0.44+0.02 for the “delayed” 
extracts). 

If the reader prefers to focus on any subgroup as the baseline or theoretical 
zero, it would be best to consider the ss animals in this light, since there seems 
to be no possibility of pigment production in the white areas of the coats of 
such animals under any circumstances; while some pigment is normally pro- 
duced in all the other genotypes, even including the c*c* whites (albinos) on 
exposure to cold. 


Comparison with the dopa reaction in frozen section 


The results described above for extracts are closely parallel to the dopa re- 
actions of the pigment cells of the hair follicles as described by W. L. RUSSELL 
—namely, strongest reaction with E—C—F-, a slightly reduced reaction 
with eeC—F—, a greatly reduced reaction on replacement of F by ff or of C 
by c* or c4, and no reaction in the white areas of spotted animals (ss) or on 
replacement of C by c’ or c*. The results also agree in the absence of appreciable 
effects of replacement of aa by A, of P by pp, or of B by bb. The imperfect 
dominance of F, indicated by the present data, was not studied by RUSSELL. 

On the other hand, there is no parallelism with the dopa reaction of pigment 
cells in the basal layer as described by RussEtt. This investigator found an 
appreciable reaction in the basal layer only in colored areas of animals with 
C—P-—. Replacement of F by ff as well as of E by ee, aa by A, and B by 6b 
was without apparent effect. Replacement of C by any lower allele or of P by pp 








PraTE 1 (above).—Section through the skin of a white guinea pig (X40) lightly stained to 
show the epidermis. 

PLATE 2 (below).—Section through the skin of a white guinea pig (X66) from which the 
epidermis has been removed by scraping. 
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virtually eliminated the reaction. RUSSELL concluded that there are two active 
principles, one demonstrable (under the conditions of the experiment) in 
follicles, the other in the basal layer. 

It may be concluded that in extracts prepared under the conditions de- 
scribed above the positive activity is completely dominated by substances 
from the follicles rather than from the basal layer. 


Comparison with the phenotypes 


The dopa reactions of the extracts as well as of the follicle cells im situ agree 
closely with the effects of the genes on yellow pigment. Browns, sepias, and 
blacks give reactions agreeing with the intensity of the corresponding yellows 
(obtainable by replacement of E— by ee) and not at all, as emphasized re- 
peatedly, with the actual quantities of melanin pigment in these animals. 
It should be pointed out that there is one result which is not explained by this 
hypothesis—namely, the higher activity with E— than with ee. These should 
give the same reaction, under the hypothesis that the active agent is the 
yellow producing system, present alike with E— and ee unless, perhaps, more 
is extractable with E, where it is not actively engaged in producing yellow 
pigment, than with ee, where it is. More work is clearly necessary before any 
such explanation is accepted. 

The reaction in the basal layer observed by RUSSELL parallels to some ex- 
tent the intensity of black, but, as noted, there is no evidence that this active 
principle was present in the extract. It is possible that it is thermolabile, even 
at the temperatures reached in these experiments, or that it is not, in reality, 
a chemical substance. 

A seeming paradox presents itself here. The intensity of the dopa reaction 
in vitro (under the conditions already described) seems to be determined en- 
tirely by a substance concerned with yellow pigmentation, yet the absorption 
spectra of the resulting dopa melanin are indistinguishable from that of natural 
black pigment and are definitely different from that of natural yellow pigment 
in the preparations tested. It is possible, however, that dopa is not the natural 
chromogen, at least for yellow, and that the dopa reaction is merely an in- 
dicator of the concentration of a somewhat nonspecific agent. An alternative 
possibility which is, perhaps, preferable is that the difference in the spectra 
of black and yellow pigment is purely physical, reflecting a difference in the 
mode of deposition and aggregation of the pigment in granules and in the col- 
loidal particles derived from these in the solutions. It may happen that the 
reaction in vitro produces melanin in a physical state more closely resembling 
that from solutions of black granules than from yellow (red) granules. 


EXPERIMENTAL ANALYSIS OF THE EXTRACT 


Attempts to remove the inhibitor 


DANNEEL and SCHAUMANN (1938) state that they obtained positive results 
with the extract method only after removing the inhibitory substance in 
rabbit extracts by aeration, the addition of peroxide, or fractional salting out. 
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The first two methods did not give systematic results with the guinea pig, 
though many attempts were made. Fractional salting out produced a globulin 
fraction showing high dopa-oxidase activity, but in no case did the albumin 
fraction contain the inhibitor as DANNEEL and SCHAUMANN state for the rab- 
bit. After dialysis (to remove the ammonium sulfate used in salting out) al- 
bumin was completely inactive in either direction. (It was largely so before 
dialysis as well.) 

The inhibitor was finally isolated by merely scraping the epidermal side of 
the skin sufficiently to remove all the hair (including any stubble). After such 
treatment, all skins, regardless of the genotype from which they were taken, 
produced a reaction slightly under control (auto-oxidized) level (table 4). 


TABLE 4 
Effect of removing the epidermis. 











NUMBER OF 
ANIMALS - 2 
SOURCE OF EXTRACT Ar Ag 
R E 
Phenotypic whites 12 2I 0.82+0.14 0.21+0.04 
E-—C-—FF (full enzyme production) 17 62 0.96+0.06 0.94+0.05 
All colored animals showing negligible 
enzyme activity 20 63 ©.9g0+0.07 0.40+0.04 





A=mean activity index. 
R=epidermis removed. 
E=epidermis intact. 


Microscopic examination of the scraped and unscraped skins (Plates 1 and 
2) revealed that the scraping removed the epidermis, producing an almost per- 
fect cleavage between it and the underlying dermal portions. In some cases a 
little basal layer was left in certain areas, but otherwise removal was complete 
and never included much, if any, of the dermis. (Removal of the epidermis, of 
course, included the presumptive enzyme producing cells of the basal layer.) 
The inhibitor, therefore, is sharply localized and restricted to the epidermis, 
while enzyme formation is restricted to the pigment cells themselves. 


Attempts to concentrate the active agent 


Many methods of extraction were attempted during the course of this in- 
vestigation. Fat soluble extracts were entirely negative. Dehydration of the 
skins with acetone was attempted, and a powder was prepared by grinding 
in a Wiley mill. The extraction of this powder was not successful. A similar 
powder was prepared after vacuum dehydration. It was also inactive. Finally 
the different extracts were tested against tyrosine, and the results (including 
those obtained with the final extract used in the dopa work) were again com- 
pletely negative, though the attempts were fairly extensive. 

Saline and buffer extracts show higher activity than the extract actually 
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used, but give poor results because they are extremely murky and discolored to 
begin with, hence difficult to assay colorimetrically. 

Thus far, though the presence of an enzyme has often been alluded to, it has 
not yet been shown to exist except in so far as activity indices above 1.0 (found 
especially in the delayed tests) indicate a positive agent. The “immediate” 
results, at least, could be explained by an anti-inhibitor rather than an enzyme 
system in the traditional sense. 

Several attempts were made to concentrate the active substance in order 
to determine whether or not it actually is an enzyme. These attempts gave posi- 
tive results. In essence, salting out the globulin fraction of the extract con- 
centrates the active substance. Further purification (by redissolving and 
salting out several times) and concentration (by adsorption and elution) will in- 
crease its activity still more as measured by eye or colorimetrically. Boiling 
inactivates even the crude extract, as does denaturation of the skins by 
acetone. At no stage is there any activity towards tyrosine, though polyphenols 
will react with the enzyme according to reports based on previous extract and 
frozen-section work using other substrates and interpreted in the light of the 
present evidence. 

This suggests that the enzyme is a polyphenol oxidase such as the one de- 
scribed and prepared by Kusow1tz (1937), and by KEILIn and MANN (1938). 
These workers salted out both albumin and globulin and used this combined 
fraction as the basis for further purification. In all cases of fractional salting 
out of guinea-pig extracts, albumin alone neither added to nor detracted from 
the reaction. 

SUMMARY 


The enzyme.—It is possible to extract a substance from the skins of certain 
genotypes of the guinea pig that behaves like a polyphenol oxidase in certain 
respects. This substance has been demonstrated in the globulin fraction and 
can be concentrated from the crude extracts. Boiling destroys its activity. It is 
concluded that the substance is an enzyme. 

The inhibitor.—A substance which completely inhibits the auto-oxidation of 
dopa over considerable periods can also be extracted from guinea-pig skins. 
It is restricted to the epidermis and is normally present there, since it cannot 
be produced by treating dermis in a similar manner. The inhibitor is not found 
in the albumin fraction of the extract (as has been reported for the rabbit). 
There is no evidence that it is affected by any of the known color genes. 

Enzyme reaction as related to phenotype——The enzyme reported here is 
probably concerned only in the formation of yellow pigment. Its concentration 
is diminished by those genes normally reducing the intensity of yellow pig- 
mentation and is not at all affected by those reducing only the intensity of 
brown, sepia, or black. It is present in the skins of brown, sepia, and black 
guinea pigs at concentrations agreeing with the intensity of pigmentation in 
the corresponding yellows (E— replaced by ee) and is, therefore, not the 
critical factor in determining the kind of pigmentation actually produced 
when E— is present. Only quantitative variations in yellow pigmentation are 
dependent upon this enzyme. 
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Enzyme reaction as related to genotype——Replacements at the P, B, and 
A loci are not paralleled by any significant changes in the dopa reaction. Like- 
wise, replacement of E— by e?e” has little effect in black or brown areas of 
tortoise shell animals. Replacement of FF by ff (which normally reduces 
yellow) drastically reduces the concentration of the enzyme. Ff is intermediate 
in this respect (in agreement with the imperfect dominance of F with respect 
to grade of yellow). There is good evidence that ee also reduces the concentra- 
tion. Replacement of C by ¢c or c* is compatible with only a low order of ac- 
tivity (paralleling the diluting effect of these genes on yellow coat color), while 
no activity whatever is possible with extracts from animals in which C is re- 
placed by c’ or c* (that is, in which yellow pigmentation is eliminated) or with 
those prepared from the white areas of spotted (ss) animals. 

Comparison of extract and frozen section results —The genotypic distribu- 
tion of the enzyme agrees with that of the active principle demonstrated in 
the pigment cells of the hair follicles by W. L. RussELL by means of means 
of the dopa reaction in frozen section. It does not agree with that of the active 
principle in the pigment cells of the basal layer of the epidermis as demon- 
strated by RUSSELL. 

Spectra of the melanins.—Light absorption curves plotted through the 
visible spectrum indicate that there is a difference between black and yellow 
natural pigment. Black pigment gives a curve identical with that obtained 
for artificial tyrosine melanin, artificial dopa melanin, and natural pigment 
obtained from potato skins. The pigment from intense yellow (red) guinea pigs 
shows definitely less absorption than that from black at the red end of the 
spectrum. 
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HLOX is a genus of 50 species, all of which are native to North America 

except one, which is in Siberia. In the taxonomic treatment of the species 
of eastern North America, Phlox has been divided into the Subulatae (Phlox 
nivalis Lodd., P. subulata L., and P. bifida Beck.), the Divaricatae (P. divari- 
cata L., P. pilosa L., P. floridana Benth., and P. amoena Sims.), the Drum- 
mondianae (P. Drummondii Hook.), and the Ovatae (P. stolonifera Sims., 
P. ovata L., P. carolina L., P. glaberrima L., P. amplifolia Britton., P. pani- 
culata L., and P. buckleyi Wherry (WHERRY 1930, in SMALL 1933). 

The chromosomes of Phlox are relatively large and comparatively few in 
number. Therefore the genus is favorable for intensive chromosome studies. 
This work is an attempt to throw some light on the phylogenetic relationships 
of the species by means of chromosome studies. 

Interspecific and intraspecific variation in gross morphological characters 
is very striking, often clear cut, and common in wild as well as in cultivated 
forms. This variation includes differences in the color, size, and shape of the 
corolla, in the time of blooming and profuseness of flowers, in the growth rate 
and habit of the plant, and in the presence or absence of functional sex organs. 
The question arises as to whether or not there are interspecific differences in 
chromosome structure and morphology which would be comparable to the 
morphological differences between species. These studies show that inter- 
specific chromosome differences do exist and that chromosome differences oc- 
cur within some species, just as do gross morphological differences such as 
flower color, shape, size, plant growth habit, leaf color, evergreen foliage, and 
many others. 

MATERIALS AND METHODS 


The plants used were obtained from varioys wild habitats, from nurseries, 
from the U. S. DEPARTMENT OF AGRICULTURE, from Dr. J. P. KELLry, and 
one colchicine-induced tetraploid of Phlox Drummondii from seed of material 
previously treated by Mr. J. HERBERT Taytor. They were grown at The 
Blandy Experimental Farm, of the UNIVERSITY OF VIRGINIA, at Boyce, 
Virginia. The wild plant collections represent numerous samples from various 
parts of the range of each species. 

Mitotic chromosome counts and idiograms were made from slides made by 
the colchicine-Feulgen leaf smear method. This involves the use of a colchicine 
pretreatment, fixation in Semmen’s Carnoy, HCl hydrolysis, staining in de- 
colorized basic fuchsin, smearing in 45 percent acetic acid, and making the 
slide permanent (MEYER 1943). Anthers were fixed in, acetic alcohol (3:1), 
hydrolyzed in HCl, stained and smeared in iron-propiocarmine, and made 
permanent for meiotic studies. 

Idiograms were made at a magnification of 3520; meiotic drawings were 
made at 2640. These magnifications have been reduced to 2350X for the 
idiograms and 1760X for the meiotic drawings. 
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TABLE I 
The 2n chromosome numbers of the plants investigated. 











NUMBER OF 
PLANTS NAME 2N NUMBER 
EXAMINED 
7 Phlox amoena 14 
I P. amplifolia 14 
2 P. Arendsii vars. Emma & Louise 14 
I P. bifida 14 
I P. buckleyi 28 
I P. carolina heterophylla 14 
I P. carolina heterophylla 14 & 2ff. 
9 P. divaricata 14 
I P. divaricata 4 & rf. 
7 P. Drummondii vars. astylis, cuspidata, light yellow funnel, pink, 
Rosy Morn, streak, Plant D14 14 
P. Drummondii var. pink (4X induced) 28 
P. glaberrima 14 & 1-3 ff. 
13 P. nivalis var. Sir Guilford and others 14 
3 P. nivalis 14 & 2-4 fi. 
6 P. ovata var. pulchra and others 14 
126 P. paniculata plants and vars.* 14 
42 P. paniculata vars.* 14 & 1-6 ff. 
3 P. paniculata vars. Hodur, Mrs. Jenkins (Independence), Mrs. 
Jenner 14 & 7-8 ff. 
2 P. paniculata vars. Commander and Mme. Louise Abbema 14 & 10 ff. 
3 P. pilosa 14 
2 P. procumbens var. coerulea and another plant 14 
I P. stellaria 14 
I P. stolonifera 14 
18 P. subulata vars.* 14 
I P. subulata var. cuspidata 14 & o-6 ff. 
I P. subulata plant 36 14 & 0-13 ff. 
4 P. subulata plants 23, 115, 194, 385 28 
3 P. suffruticosa vars. Miss Verboom, Princess Ingrid, Rosalinda 14 
I P. suffruticosa var. Rosalinda** 14 & 1 f. 
I P. suffruticosa var. Miss Lingard 2i 
2 P. nivalis (plant 34) XP. subulata (plant 37) Plants 25-1, 25-2 14 
4 P. nivalis (plant 33D) XP. subulata (plant 23) Plants 26-1, 26-2, 
26-3, 26-4 28 





* Plants of P. paniculata belonging to the following varieties were examined, and all of them 
had 2n=14 with no fragments: Africa, Aida, Albion (two sources), Amazon, Annie Cook, Arnold 
Turner, Asia, Aspasie, Athis, Atlas (two sources), Avista, Bacchante, Baron Ritte, Baron von 
Heckerer, B. Compte, Beacon (three sources), Beauty, Beauty of Framingham, Betty Lou, 
Border Gem, Bouquet Fleuri, Bridesmaid (two sources), Brunette, Cameron, Caran d’Arch, 
Caroline Vandenburg, Cendrillon, Cheswick, Colorado, Columbia, Commander in Chief, Comus, 
Compte, Count Zeppelin (two sources), Cyclone, Daily Sketch, Danton, Debs, Diana, Dr. Baker, 
Dr. Charcot, Dr. Paul Reclus, Dwarf White, Eclaireur, Eclipse, Electra, Esclarmonde, Etta’s 
Choice, Europe, Evelyn, Feuerbrand (two sources), Flora Horning, Frederick Passey, Gen. von 
Heutz, Geo. B. Dorr, Glenwood, Hervor, Hoffangner Stark, Imperator, Improved Meteor, Isabey 
(two sources), James Bennett, Josephine Gerbeaux, Jules Jany, Jules Sandeau (two sources), 
Katherine, La Vague, Leo Schlageter, Le Soleil, L’Esperance, Matapoisette Seedling, Meteor, 
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The ratio obtained by dividing the length of the short arm of a mitotic 
chromosome by the total Jength of the chromosome is used in this paper as a 
means of comparing chromosomes which may be in the same plant or in differ- 
ent plants. This ratio gives the proportionate part that the short arm length 
is of the total length. 

Chromatid area was found by means of the formula A=7DIl, and chromatid 
volume by the formula V=zr°*l. The chromatid radius=r, chromatid diameter 
=D, and chromatid length=1. 


RESULTS AND DISCUSSION 
Chromosome number 

The 2n chromosome numbers of the forms which were examined are given 
in table 1. In addition to one induced tetraploid and six species hybrids, the 
chromosomes of 264 forms were counted. Of these, 201 (76.1 percent) are dip- 
loid (2n= 14), 57 (21.6 percent) are diploid and have from one to 13 additional 
small centric fragments (2n=14 and 1-13 fragments), 5 (1.9 percent) are 
tetraploid (2n= 28), and one (0.4 percent) is triploid (2n= 21). 

Most of the plants which were investigated had the diploid somatic number 
of 14 chromosomes. Phlox suffruticosa Miss Lingard was the only triploid 
found. Because of its low frequency, tetraploidy seems to be a rather unimpor- 
tant means of specific differentiation among the Phlox species of eastern 
North America, although the five forms found were all from wild plant col- 
lections. 

The chromosomes of the small, centric type deserve special attention, since 
they are especially common in Phlox. For convenience, these chromosomes 
will be referred to as “fragments.” 

More than one-fifth of all the plants of Phlox examined during these investi- 
gations had one or more small fragment chromosomes in addition to the normal 
diploid complement of fourteen “major” chromosomes. These fragments were 
found to vary greatly in number. 





Michael Buchner, Mistral, Mme. Paul Dutrie, Mme. Prosper Langier, Mrs. Chas. Dorr, Mrs. 
Cook, Mrs. Ethel Pritchard, Mrs. Milly von Hoboken (two sources), Mrs. Scholton, Mrs. W. F. 
Schmieske, Mrs. W. von Beuningen, Nana Coerulea, New Bird, Painted Lady, Pastel Pink, 
Peach Blow, Prof. Virchow, Regulus, Reich V. H. Hochburg, Rheinlander, Richard Strauss, 
Richard Wallace, Rijnstroom, Rose Gem, Rosetta, Rubis, Saison Lierval, Siebold, Sommerkleid, 
Special French, Stella’s Choice, Sylphide, The Pearl, Tigress, Venus, Verin Morton’s Seedling, 
Victor, Viking, W. C. Eagan (two sources), Widar, and Plants 151, 157, and 380. 

The following varieties of P. paniculata had 2n=14 and 1-6 fragments: Argon, Belvidere, 
Brogniart, Czarina, Defiance, Eclaireur,** Edmund Rostand, Enchantress (two sources), Flora J. 
Reidy (two sources), Fiancee, Frau G. v. Lassburg, Gladstone, Graf von Ungerer, Helene Vas- 
caresco, Henri Reynault, Inspecteur Elpel, La Candeur, Le Cygne, Leo Schlageter,** Lothair, 
Mary Louise, Mia Ruys, Miss Elphick, Mme. Cordunet, Mrs. Arnold Turner, Mrs. Dwyer, Mrs. 
Ingalls, Mrs. Scholton,** Obergartner Wittig, Pearl, Pecheur d’Island, Philas, Rheinlander,** 
Rosenburg, Rose Pearl, R. P. Struthers, Special French,** Tapis Blanc, Wellesley, Wolfgang von 
Goethe. 

The following varieties of P. subulata were examined and found to have 2n=14: alba, atro- 
purpurea, Blue Hills, Emerald Cushion, lilacina, Lilakonigen, Maischnee, Newberry Seedling, 
rosea, Samson, Sensation, Vivid, Wilsonii, and plants 0, 37, 190, 193, and 195. 

** A variety containing both plants with and plants without fragments. 
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Ficure 1.—Phlox paniculata Commander. Metaphase I with cne bivalent, 12 univalents, and 
ten fragments. Two fragments are associated with major chromosomes, the remaining eight are 
unpaired. 1760X. 

FicurE 2—P. paniculata Frau G. von Lassburg. Metaphase I with seven bivalents (one bi- 
valent not properly oriented) and seven fragments. Two fragments are held by chiasmata to a 
major bivalent. 1760X. 

FiGuRE 3.—P. paniculata Mrs. Ingalls. Metaphase I with seven bivalents, a fragment associ- 
ated with the first bivalent. 1760. 

Ficure 4.—P. subulata cuspidata (35). Metaphase I with seven bivalents, a fragment associ- 
ated with the first bivalent. 1760X. 

FicurE 5.—P. paniculata Mrs. Ingalls. Anaphase I with two broken inversion bridges. 1760X. 

Ficure 6.—P. paniculata Mrs. Ingalls. Anaphase I with one breaking inversion bridge and a 
fragment. 1760. 
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In five cultivated varieties of Phlox paniculata (Eclaireur, Leo Schlageter, 
Mrs. Scholton, Rheinlander, and Special French) where two plants from dif- 
ferent sources were examined, it was found that one plant of each variety had 
no fragments, while the other plant had one or more fragments. The same was 
true in the case of P. suffruticosa Rosalinda (table 1). These varieties are all 
propagated vegetatively and thus each variety represents a clone. 


TABLE 2 


Fragment length as a proportionate part of the average major chromosome length. 

















CHROMOSOMES FRAGMENTS 
PLANT 
NO. — wo, AVERAGE wo, AVERAGE AV. FRAG. 
LENGTH LENGTH AV. CHROM. 
167 P. divaricata 14 10.1 I 3-0 30 
161 P. glaberrima 14 16.3 3 ee -07 
33B_ OPP. nivalis 14 13.4 2 6.3 -47 
186 P. nivalis 14 10.0 4 2.7 -27 
187 P. nivalis 14 15.4 3 3-8 -25 
129 P. paniculata Flora J. Reidy 14 14.6 3 £8 38 
152 P. paniculata Mrs. Jenner 14 23.9 8 3-6 15 
35 P. subulata 14 15.5 6 2:3 -14 
36 P. subulata 14 12.5 I 3.0 -24 
36 P. subulata 14 13.4 II 2.9 .23 





In Phlox subulata plant 36 the fragment number varied from o to 13 per cell. 
One of the branch tips examined had from seven to nine fragments, another 
had from eight to thirteen, and four other branches varied somewhat, but 
were mostly of one-fragment tissue. In one of these tips consisting mainly of 
one-fragment tissue, two adjacent metaphases were seen; one metaphase had 
two fragments and the other had none. It is very probable that these were 
sister cells and that during the previous division the undivided fragment was 
included in one of the two resulting nuclei, thereby giving one “daughter” 
cell with two fragments and the other cell with none at all. 

Thus different plants of the same variety, or clone, or different cells in the 
same plant may have different numbers of fragments, or some of the plants 
or cells may even contain no fragments. It is clear that the observed percentage 
of plants with fragments is a minimum. 

The size of the fragments in Phlox varies considerably. The fragments of P. 
glaberrima plant 161 are .o7, or 7 percent of the average major chromosome 
length in this plant. In P. nivalis plant 33B the fragments are 47 percent of the 
average major chromosome length. Fragment lengths vary between these 
extremes in other plants (see table 2). 

During meiosis the fragments in Phlox are usually not paired (fig. 1, 2) but 
may be associated by chiasmata to the centromere region of bivalents (fig. 2, 
3, 4), or to univalent major chromosomes (fig. 1). In all the cases where a 
fragment is associated with a bivalent, it can be seen that the fragment is 
united by a lateral chiasma very near a centromere of the bivalent. The near- 
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ness of pairing to the centromere suggests that the fragments are simple 
duplications of the centromere region; these have arisen by the loss of the distal 
portions of the major chromosomes. 

Fragments have been found by the author in more than 20 percent of the 
Phlox plants examined and in seven of the eighteen species studied. The varia- 
tion in fragment number among plants of the same cultivated variety, or 
clone, and among the cells within certain plants is due to a lack of syn- 
chronization in the orientation and division of the fragments with respect to 
the timing of these processes in the major chromosomes. Although the frag- 
ments within a plant seem to be equal in size, fragment size varies greatly 
from plant to plant. 

By what mechanism could fragments of different sizes be formed so fre- 
quently in so many different species? The loss of the distal portion of the extra 
chromosome of a trisomic would be a possible means of fragment formation. 
However, it is very improbable that this occurs commonly, since no trisomics 
in Phlox are known by this writer, with the exception of one plant of P. 
procumbens which FLory (1934) found to be partially trisomic and partially 
diploid. 

The fragments in Phlox must have originated by a process which can occur 
frequently. Otherwise the fragments would not be seen so frequently, they 
would not vary so much in size, and they would not occur in so many different 
species as they do. 

Inversions are very common in Phlox. Of 20 plants examined, 14 (70 per- 
cent) formed inversion bridges during meiosis. Figure 5 shows the remains of 
two inversion bridges, and figure 6 shows the remains of another. Note that 
two of these inversion bridges have broken so that a large acentric fragment 
is formed from the central portion of each bridge. It seems possible that the 
centric fragments of Phlox may arise as the ends of broken inversion bridges. 
The size of the centric fragments would vary inversely as the size of the acen- 
tric fragment which forms from the bridge breakage. Since fragments are 
known to orient and divide non-synchronously in mitosis, it is easy to see how 
this could happen during meiosis, thus forming gametes with a full set of 
chromosomes and a new fragment. If this is the method by which fragments 
usually originate in Phlox, then they arise at anaphase of meiosis, as they do in 
Uvularia (BELLING 1925), and not at meiotic prophase as in Tradescantia 
(DARLINGTON 1929). 

In the tomato (LESLEY and LESLEY f929) the fragments were about half the 
usual chromosome size. When one was present in a diploid, that plant differed 
less from the true diploid than did the corresponding primary trisomic. These 
fragments were genetically active, but not so active as whole chromosomes. 
In Phlox there were no gross morphological differences noted between plants 
of the same horticultural variety when those plants differed in the number of 
fragments they contained. The plant which has from o to 13 fragments per 
cell seems to have nearly identical flowers and stems and leaves in all parts. 
Since plants in the same variety, or cells in the same plant, may vary in frag- 
ment number (or lose all their fragments) without producing noticeable 
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morphological changes, and since the cells and plants may survive without 
the fragments, it seems reasonable to conclude that, in general, the fragments 
in Phlox are either nearly or entirely genetically inert. No evidence was found 
for identifying the fragments with heterochromatin. 

To summarize, most of the forms of Phlox which were examined have the 
diploid number of 14 chromosomes. Polyploidy has not been important, with 
few exceptions, in the differentiation of the Phlox species of eastern North 
America. The occurrence of fragments in the various species seems to have no 
relationship to Phlox taxonomy. 


Chromosome size 


During the course of these studies, idiograms were made of many of the 
plants examined. These idiograms show the differences in chromosome size 
and morphology within a complement, but the length of the chromosomes in 
two idiograms is not comparable, even though these two idiograms were 
made from two chromosome plates in the same plant. The reason for this is 
that the chromosomes in the various cells are shortened (and thickened) to 
different degrees during the colchicine pretreatment. This differential shorten- 
ing is caused by varying amounts of effective colchicine pretreatment in the 
different cells. The colchicine will be more highly concentrated in the outer 
cells than in the central cells of a region. Likewise, some nuclei will divide 
before others and thus be subject to the shortening effect of the colchicine for 
a longer time. 

Since the lengths of the colchicine-treated chromosomes are not comparable, 
the volumes and surface areas have been computed from chromatid length 
and width data. The volumes of chromosomes have been previously used as a 
means of comparison by many workers, but this writer knows of no attempt 
to use chromosome surface area as a basis for comparison. 

It is well known that chromosomes contain, or perhaps they consist of, coiled 
chromonemata. In mitotic chromosomes these are called minor or somatic or 
standard coils by the different workers. In Phlox these coils are often seen in 
late mitotic prophase chromosomes on slides made by the colchicine-Feulgen 
leaf smear technique; they have also been seen in the anaphase chromosomes 
of tapetal tissue. In both of these cases the mitotic coils resembled the coils in 
the spring of a window-shade rod. Thus, since the coils of chromatin (Feul- 
gen+) material seem to be mostly confined to the chromatid surface in this 
material, the thought occurred that chromatid area might be a good means 
for comparing chromosome size in different plants. 

The relative areas and volumes of some Phlox chromosomes are given in 
tables 3 and 4. In regard to variation within a species, table 3 shows little 
variation of mitotic chromosome size in the plants of Phlox nivalis, while 
P. Drummondii Rosy Morn has chromosomes about one-half as large as those 
of P. Drummondii pink (2X). The average chromosome of P. paniculata Jules 
Sandeau is about three and one-half times the size of the average chromosome 
of P. paniculata Victor. 

Chromosome size is compared in eight diploids and three tetraploids of 
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TABLE 3 


Relative surface areas and volumes of entire complements and average Phlox chromosomes. 











PLANT TOTAL AV. TOTAL AV. 
NO. — sas AREA AREA VOLUME VOLUME 
168 P. buckleyi 28 2789.0 99-54 1254.0 44.78 

Di4 P. Drummondii 14 1178.0 84.45 706.8 50.49 

— P. Drummondii astylis 14 960.5 68.44 432.1 30.79 
— P. Drummondii cuspidata 14 1222.0 87.10 672.2 48.01 
— P. Drummondii light yellow funnel 14 1177.0 83.29 529.8 37-91 
— P. Drummondii pink (2X) 14 1455.0 103.3 831.4 59-41 
— P. Drummondii pink (4X) 28 2699.0 96.40 1754.0 62.65 
— P. Drummondii Rosy Morn 14 778.5 55.62 292.0 20.85 
- P. Drummondii streak 14 1046.0 74.80 627.7 44.88 
33B. SOP. nivalis *14 1180.0 84.20 576.2 41.16 
33D =—~P. nivalis 14 954.8 67.95 501.3 35-92 
34 P. nivalis 14 1132.0 80.69 679.7 48.42 
IIo P. nivalis 14 Q71.2 69.28 509.9 36.38 
122 P. nivalis 14 862.8 61.58 431.4 30.81 
173 P. nivalis 14 1155.0 82.47 722.1 51.54 
175 P. nivalis 14 1132.0 80.87 622.7 44.48 
185 P. nivalis 14 1169.0 83.33 759.7 54.16 
186 P. nivalis *14 964.2 68.85 530.4 37.87 
187 P. nivalis *I4 1349.0 96.36 674.5 48.39 
189 P. nivalis 14 895.2 63.89 514.7 36.74 
Ig! P. nivalis 14 1045.0 74.66 470.2 33-59 
192 P. nivalis 14 957.0 68.31 574.2 41.00 
128 P. paniculata Aida 14 1462.0 104.1 840.7 59.84 
129 P. paniculata Flora J. Reidy *14 1798.0 128.4 1258.0 89.91 
135 P. paniculata Compte 14 1294.0 92.49 744.2 .19 
137 P. paniculata Jules Sandeau 14 4025.0 287.7 1861.0 3.0 
142 P. paniculata Beacon 14 2995.0 213.9 1985.0 141.8 
151 P. paniculata (wild) 14 1782.0 127.8 826.2 59.10 
152 P. paniculata Mrs. Jenner *14 1629.0 116.3 631.0 45.10 
156 P. paniculata Europe 14 1969.0 140.6 1034.0 73-43 
157 P. paniculata (wild) 14 2083.0 148.8 1614.0 115.4 
200 P. paniculata Aspasie 14 1360.0 96.76 748.0 53-4 
201 P. paniculata Victor 14 IIII.O 79.23 555-6 39-59 
202 P. paniculata Mme. Prosper Langier 14 1409.0 100.9 669.4 47-92 
203 P. paniculata Eclipse 14 I510.0 107.4 755.0 53-73 
204 P. paniculata Caroline Vandenburg 14 1203.0 85.98 571.4 40.83 
380 P. paniculata (wild) 14 2089.0 149.2 1462.0 104.1 
° P. subulata 14 1167.0 83.45 466.8 33-38 
23 P. subulata 28 1450.0 51.84 543.8 19.45 
35 P. subulata cuspidata *14 1026.0 73.05 384.7 27.39 
36 P. subulata *14 1041.0 74.63 494-4 35-3 
36 P. subulata *14 1118.0 80.00 531.0 37-99 
37 P. subulata 14 II4I.0 81.5 541.8 38.56 
190 P. subulata 14 1194.0 84.96 477-7 33-98 
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TABLE 3—Continued 











PLANT TOTAL AV. TOTAL AV. 
NAME 2n 

NO. AREA AREA VOLUME VOLUME 

193 P. subulata 14 1173.0 83.58 556.9 39-69 

194 P. subulata 28 1398.0 50.01 559-4 20.01 

195 P. subulata 14 673.9 48.11 320.0 22.85 

385 P. subulata 28 2271.0 81.11 1249.0 44.61 
25-1 P. nivalisXP. subulata 14 1196.0 85.33 418.5 29.86 
25-2 P. nivalisXP. subulata 14 996.1 71.06 323.8 23.10 
26-1 P. nivalisXP. subulata 28 2451.0 87.66 919.4 32.88 
26-2 P. nivalisXP. subulata 28 2770.0 99.28 1385.0 49.65 
26-3 P. nivalisXP. subulata 28 2408.0 85.98 1144.0 40.71 
26-4 P. nivalisXP. subulata 28 2240.0 80.0 671.9 23.87 








* These plants have 2n=14 & 1.or more ff. 
+ These areas and volumes are computed from measurements in mm at 3500 X. 


Phlox subulata. The average chromosome areas of the diploids vary from 48 to 
85 units, thus the chromosomes of no diploid are double the size of those of 
another. The relative sizes of the chromosomes of the three tetraploids vary 
as 50, 52, and 81. It may be seen that the diploids vary from 48 to 85 units 
while the tetraploids vary from 50 to 81 (table 3). The slight increase in the 
variance of the diploids over that of the tetraploids could easily be due to the 
fact that the chromosomes of eight diploids, but only three tetraploids, were 
measured. More measurements might show that the tetraploids, and not the 
diploids, vary most in average chromosome size. 

The chromosomes of the induced tetraploid of Phlox Drummondii pink are 
very little, if any, smaller than the chromosomes of the diploid form (table 3); 
thus the 28 chromosomes in the tetraploid have about twice the area and 
volume of the 14 chromosomes in the diploid. This is similar to the situation in 
regard to the diploid and tetraploid forms of Ranunculus Ficaria (LARTER 
1932) and is different from Primula kewensis, where the total chromosome 
volume per nucleus is the same in the diploid as in the tetraploid form (FARMER 
and DicBy 1914). 

Two diploid hybrids were produced by crossing a diploid Phlox nivalis used 
as 2 witha diploid P. subulata, Hybrid 25-2 (fig. 7, 8) has much larger chromo- 
somes at metaphase I than has its sister hybrid 25-1 (fig. 9). However, the 
mitotic chromosomes of hybrid 25-2 are smaller than those of hybrid 25-1 
(table 3). 

The size difference in the meiotic chromosomes of these hybrids is probably 
due to the genotypic control of chromosome size, as was found in the triploid 
Tradescantia brevicaulis (DARLINGTON 1929), in Melandrium album (BRESLA- 
WETZ 1929), and in Lolium perenne seedlings (THOMAS 1936). 

Hybrid 25-2 has larger meiotic, but smaller mitotic chromosomes than has 
its sister hybrid 25-1. Likewise hybrid 26-3 has larger meiotic chromosomes 
than have hybrids 26-1, 26-2, and 26-4, but it has smaller mitotic chromosomes 
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FicurE 7.—P. nivalis X P. subulata hybrid (25-2). Metaphase I with seven bivalents. 1760. 
Ficure 8.—P. nivalisXP. subulata hybrid (25-2). Metaphase I with one quadrivalent and 


five bivalents. 1760X. 
Ficure 9.—P. nivalisXP. subulata hybrid (25-1). Metaphase I with seven bivalents. These 


chromosomes are smaller than those of hybrid 25-2 (fig. 7, 8). 1760. 
FiGuRE 10.—P. nivalis X P. subulata hybrid (26-1). Metaphase I with two quadrivalents and 


ten bivalents. 1760X. 

Ficure 11.—P. nivalisX P. subulata hybrid (26-2). Metaphase I with four quadrivalents and 
six bivalents. 1760. 

FicurRE 12.—P. nivalisXP. subulata hybrid (26-3). Metaphase I with five quadrivalents, 
two bivalents, and four univalents. These chromosomes are larger than those of hybrids 26-1, 26-2, 
and 26-4 (fig. 10, 11, 13). 1760X. 

FicurE 13.—P. nivalisX P. subulata hybrid (26-4). Metaphase I with three quadrivalents, 
seven bivalents, and two univalents. 1760X. 
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TABLE 4 


Range of variation in average chromosome area and volume.* 























eseiiee NUMBER AVERAGE AVERAGE 
OF PLANTS AREA VOLUME 
Subulatae 
Phlox bifida I 75 37 
P. nivalis 13 62-97 28-54 
P. stellaria I 102 43 
P. subulata II 48-85 19-45 
Divaricatae 
P. amoena 3 72-116 38-77 
P. divaricata 6 63-120 33-69 
P. pilosa 2 79-99 33-50 
Drummondianae 
P. Drummondii 8 56-103 21-63 
Ovatae 
P. buckleyi I 100 45 
P. carolina heterophylla I 129 81 
P. glaberrima I 154 115 
P. ovata 5 84-124 48-88 
P. paniculata 15 79-288 40-142 
P. stolonifera I 74 37 
P. suffruticosa 3 94-200 52-110 





* These areas and volumes are computed from measurements in mm at 3500X. 


than hybrid 26-2. These seeming discrepancies are perfectly understandable, 
since the meiotic chromosomes have major coils, the gyres of which may vary 
in number, diameter, and distance from each other. The genotype could de- 
termine whether the gyres would be large and rather far apart or of less diame- 
ter and closer together at metaphase I; the first condition would give meiotic 
chromosomes of relatively large size, as in the hybrids 25-2 and 26-3. 

Among the Subulatae (Phlox bifida, P. nivalis, P. stellaria, and P. subulata) 
the mitotic chromosomes vary no more in size between species than they do 
within species. The same holds true for the Divaricatae (P. divaricata, P. pilosa 
and P. amoena) (see table 4). The Drummondianae include only P. Drum- 
mondii. In the Ovatae (P. buckleyi, P. paniculata, P. glaberrima, P. suffruticosa, 
P. carolina heterophylla, P. stolonifera, and P. ovata) P. stolonifera has the smal- 
lest chromosomes of those measured, while P. paniculata has the largest 
chromosomes and the greatest variation in average size. 


Chromosome mor phology 


The one chromosome characteristic which almost all Phlox species have in 
common is the diploid number 14. The chromosomes differ considerably in 
morphology in different plants or in varieties within the same species. For in- 
stance, the ratio of the SAT-chromosome in P. subulata was found to vary from 
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FicurE 14.—Relative lengths of fragments as compared with the average major chromosome 
length. In the top the 1.00 diagram represents the length of an average chromosome. The second 
diagram is 0.14 (or 14 percent) of the average chromosome length; fragments of this relative length 
were found in P. subulata plant 35. The diagram of the fragment which is .24 (or 24 per cent) of 
the average major chromosome length is from P. subulata plant 36. The fragment with a .30 (30 
percent) average major chromosome length is from P. divaricata plant 167, the .47 (47 percent) 
fragment is from P. nivalis 33B. Drawings under the diagrams show the respective fragments at 
2350X. 

Ficure 15.—P. subulata. Idiogram showing the range of variation in arm ratio of the SAT- 
chromosome of different plants, from .19, in P. subulata cuspidata (plant 35) to .36 in plant 


194. 
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-19 to .36 (see fig. 15). This intraspecific variation makes it difficult to make 
generalizations that will apply to a species. 

Chromosome length was of no use for comparing the chromosomes of dif- 
ferent plants, so use was made of an arm length ratio. The ratio obtained by 
dividing the short arm length by the total chromosome length was used as a 
means of comparison; this ratio expresses the proportionate part that the 
short arm is of the entire chromosome length. In each case, when an idiogram 
was made and studied, the chromosomes were arranged as to total length (the 
longest first and the shortest last), the ratio for each chromosome was found, 
and then the chromosomes which were judged to be similar enough in regard 
to total length and arm ratio were paired. After this was done, the pairs of 
chromosomes (say of chromosome I, the longest pair) were often found to vary 
in ratio in the different plants within a species. Usually, however, most of the 
longest pairs of chromosomes had very nearly the same ratio within a species. 
This was also true when chromosome II, the SAT-chromosome, and chromo- 
some VII were compared in different plants and varieties within a species. 
These four chromosomes (I, II, SAT-, and VII) were distinctive enough so 
that they could usually be picked out of a complement, and average ratios are 
recorded for them in the various species (table 5). The other three kinds of the 
seven pairs of chromosomes were not distinctive in either total length or arm 
ratio, so no data from the study of them is included in the table. In some cases, 
as the SAT-chromosome of Phlox subulata, there seemed to be two main 
chromosome types. 

Since the SAT-chromosome is the most distinctive and the one which is 
least likely to be mistaken for another, the species are arranged in table 5 and 
in figures 16 and 19 to 22 according to the SAT-chromosome arm ratio. 

In the Subulatae it may be seen (table 5) that Phlox nivalis and P. subulata, 
which are very much alike morphologically, also have chromosomes with very 
similar arm ratios. Except for chromosome VII, the chromosomes of P. bifida 
have ratios quite unlike those of P. nivalis and P. subulata; P. bifida differs 
considerably in appearance from P. nivalis and P. subulata. On the other hand, 
P. stellaria, which is similar in appearance to P. subulata, has chromosomes 
with different ratios. 

In the Divaricatae, Phlox divaricata and P. amoena have similar ratios for 
chromosomes I, II, and the SAT-chromosome. The SAT-chromosome of P. 





FicureE 16.—Idiograms of SAT-chromosomes of various species. These idiograms were made 
by plotting actual average lergths for the different species. These idiograms are of little use be- 
cause the various chromosomes are so different in size; this was at least partially due to the col- 
chicine pretreatment. In the Subulatae, b.= Phlox bifida, n.=P. nivalis, and s.=P. subulata. In 
the Divaricatae, di.= P. divaricata, pi.=P. pilosa, and a.=P. amoena. In the Drummondianae, 
D.=P. Drummondii. In the Ovatae, B.= P. buckleyi, p.= P. paniculata, g.= P. glaberrima, su.=P. 
suffruticosa, c.h.=P. carolina heterophylla, st.= P. stolonifera, and o.= P. ovata. 

Ficure 17.—P. buckleyi. Idiogram of the seven kinds of chromosomes in the complement. 
Actual average lengths were used. There are two types of chromosome I. 

Ficure 18.—P. buckleyi. Idiogram of the seven kinds of chromosomes in the complement. 
The chromosomes have all been given the same length for convenience in comparing their ratios. 
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TABLE 5 
Ratio of short arm length to total length in Phlox chromosomes. 























SPECIES I II SAT vil 

Subulatae 

P. bifida -24 «33 <22 31 

P. nivalis +32 +24 .28 -33 

P. subulata 33 21 -28& .33 «33 

P. stellaria 31 <t9 ? 38 
Divaricatae 

P. divaricata 31 .22 -19 23 

P. pilosa £25 34 88 285 

P. amoena -36 24 -23 36 
Drummondianae 

P. Drummondii 23 18 oa -16 
Ovatae 

P. buckleyi -19 & .23 195 .20 -29 

P. paniculata 38 83 25 -33 

P. glaberrima see ? -29 30 

P. suffruticosa «37 -23 30 26 

P. caroline heterophylla -35 -24 ~$5 Be 

P. stolonifera -39 25 -39 37 

P. ovata -42 .21 -42 ~32 





pilosa also has a ratio similar to those of the other two species, but its chromo- 
somes I and II are quite different, and the ratio of chromosome VII is different 
in all three of the species. The similarity of the arm ratios of P. bifida of the 
Subulatae and of P. pilosa of the Divaricatae should not go unnoticed; the 
plants of these two species are similar in appearance, and so perhaps they 
should be classified in the same sub-genus. 

Only P. Drummondii is represented from the Drummondianae. Since the 
ratios of the chromosomes are so variable in the different plants and races, 
these ratios may not have much significance. However, all the chromosomes 
of P. Drummondii seem to have unusually short second arms. 

The chromosomes of P. buckleyi (of the Ovatae) are idiogrammed in figures 
17 and 18. In figure 17 the actual lengths were idiogrammed, while in figure 18 
all the chromosomes were made the same length to facilitate a comparison of 
their ratios. In the plant which was examined, the 28 chromosomes fell into 
seven different total length and arm ratio groups, but the four chromosomes 
of group I were of two pairs with somewhat different ratios. The size differences 
in chromosomes I to VII can be seen in figure 17, while the ratio differences 
are more easily seen in figure 18. The chromosomes ranged from 4 to 6y in 
length and from .19 to .29 in arm ratio, except chromosome V which had an 
arm ratio of about .47. This was the highest arm ratio found in any Phlox 
chromosome. 
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WHERRY (1930) regards Phlox buckleyi as being more closely related to P. 
ovata than to any other form, and FLory (1934) thinks P. buckleyi may be an 
autotetraploid form of P. ovata. A glance at figures 19 and 21 shows that the 
ratios of chromosome I and of the SAT-chromosome are very different in these 
two species. Furthermore, the .47 ratio of chromosome V of P. buckleyi is 
totally unlike the ratio of any P. ovata chromosome. Therefore, P. buckleyi is 
probably not a form of P. ovata. 

Notice the similarity between chromosomes I and IT and the SAT-chromo- 
some of P. buckleyi and P. Drummondii (fig. 19-21). The writer thinks that 
P. buckleyi is more closely related to P. Drummondii than to other members of 
the taxonomic group Ovatae. Some evidence from attempts to make species 
crosses substantiates this view. Crosses were made both ways between P. 
buckleyi and (1) P. stolonifera, (2) P. ovata, and (3) P. Drummondii. Only some 
of the crosses of P. buckleyi upon P. Drummondii were successful, and some 
seeds resulted which did not germinate. This cross was successfully made dur- 
ing two seasons. Of course, it may be that the P. buckleyi plant which was 
examined resulted from the combination of certain reciprocal translocations 
and the duplication of P. ovata chromosomes, and that the cross on P. Drum- 
mondii was successful because this latter species has short styles, and thus the 
foreign pollen tubes would have a shorter distance to go in P. Drummondii. 
If these possibilities prove to be the true state of affairs, then the similarity 
between the chromosomes of P. buckleyi and P. Drummondii and the “crossa- 
bility” of the two species are coincidental and of no phylogenetic importance. 

The SAT-chromosome of Phlox is usually one of intermediate length, and 
it often has a subterminal centromere. The satellite was always found on the 
short arm of the SAT-chromosome, except in P. carolina heterophylla and the 
horticultural hybrid P. procumbens, where it is on the long arm. Chromosome 
I, the longest pair, is also the SAT-chromosome in P. stolonifera and P. ovata; 
it has a sub-median centromere and bears the satellite on its shorter arm (see 
fig. 16, 21). 

It may be seen that all the species of the Ovatae with the exception of P. 
buckleyi (P. paniculata, P. glaberrima, P. suffruticosa, P. carolina heterophylla, 
P. stolonifera, and P. ovata) have chromosomes which are very similar or 
grade into one another (fig. 19-22). 

The dissimilarity of the chromosome arm length ratios of two unlike species 
of Phlox seems to indicate that the chromosomes of these two species are dif- 
ferentiated from each other by rather large, or by many small, structural 
changes. On the other hand, the similarity of the chromosome arm length 
ratios of two closely related species indicates that the chromosomes of these 
two species are differentiated by relatively few, or by no, small structural 
changes. In fact, two closely related species may have almost identical] ratios; 
perhaps their chromosomes are not structurally differentiated. 

The comparison of chromosome arm length ratios probably supports, or at 
least does not conflict with, the taxonomic division of the genus Phlox into 
the four sub-divisions, with two exceptions. These data suggest that Phlox 
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FiGuRE 19.—Idiograms of chromosome I for the various species. The chromosomes have all been 
given the same length for convenience in comparing their ratios. The Subulatae includes P. bifida 
(b.), P. nivalis (n.), P. subulata (s.), and P. stellaria (se.). The Divaricatae includes P. divaricata 
(di.), P. pilosa (pi.), and P. amoena (a.). The Drummondianae has P. Drummondii (D.). The 
Ovatae includes P. buckleyi (B.), P. paniculata (p.), P. glaberrima (g.), P. suffruticosa (su.). 
P. carolina heterophylla (c.h.), P. stolonifera (st.), and P. ovata (0.). 

FiGuRE 20.—Chromosome II is compared in the various species, as in figure 19. 

FicurE 21.—The SAT-chromosome is compared in the various species, as in figure 19. 

FicurE 22.—Chromosome VII is compared in the various species, as in figure 19. 
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bifida and P. pilosa may be more closely related than the taxonomic grouping 
indicates; the same is true of P. buckleyi and P. Drummondit. 

The idiograms in the various species of Phlox bear a general resemblance to 
one another, but show characteristic minor differences. The diploid comple- 
ment of Ranunculus Ficaria consists of eight different morphological types 
of chromosomes. The chromosomes of R. bulbosus and R. sardosus correspond 
exactly in regard to the position of their centromeres and relative length with 
those of R. Ficaria (LARTER 1932). This situation exists between the chromo- 
somes of Phlox nivalis and P. subulata. LARTER found that other Ranunculus 
species differed from the above three in the position of the centromere in one 
chromosome pair. R. ophioglossifolius stands alone in the genus in that it has 
its satellites attached to the long arm of a subterminally constricted pair. This 
is very similar to the occurrence of the satellite on the long arm of a chromo- 
some of Phlox carolina heterophylla and in the horticultural hybrid P. procumbens 
(plant 29). P. carolina was probably a parent of the P. procumbens plant which 
was examined during these investigations. 


SUMMARY 


The intraspecific variability in both the wild and the cultivated forms of 
Phlox is very striking. This variation includes differences in the color, size, 
and shape of the corolla, in the time of blooming and profuseness of flowers, 
in the growth rate and habit of the plant, and in the presence or absence of 
functional sex organs. 

Of the 264 forms of wild and cultivated Phlox studied, 201 (76.1 percent) 
are diploid (2n=14), 57 (21.6 percent) are diploid with from one to thirteen 
additional small centric chromosomes (2n=14 and 1-13 fragments), tive (1.9 
percent) are tetraploids found wild (2n= 28), and one (0.4 percent) is triploid 
(2n=21). Two diploid and four tetraploid species hybrids and an induced 
tetraploid were also studied. 

The number of fragments often varies among the plants of a clone or the 
cells of a plant. 

The fragments in different plants vary from 7 percent to 47 percent of the 
average major chromosome length. 

The presence or absence of fragments does not appear to influence either 
plant morphology or cell viability. Thus the fragments in Phlox do not seem 
to be genetically important. No cytological evidence was obtained for identify- 
ing them with heterochromatin. 

It is suggested that the fragments in Phlox perhaps originate by the breaking 
of inversion bridges during meiosis. 

Phlox suffruticosa Miss Lingard was the only triploid found and has 2n= 1. 

Tetraploidy, except in Phlox buckleyi and a few others of the 50 known 
species, seems to have been relatively unimportant in the differentiation of 
Phlox species. 

The average surface areas and average volumes of Phlox chromosomes were 
compared. Within a species there may be but little variation of mitotic chromo- 
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some size, or some plants may have chromosomes twice or even three and one 
half times as large as those of other plants in the same species. 

In Phlox subulata the diploids and tetraploids were found to have the same 
range in chromosome size. An induced tetraploid of P. Drummondii had chro- 
mosomes as large as those of the diploid parent. 

One seedling may have larger metaphase I chromosomes and smaller mitotic 
chromosomes than a sister seedling. This was found in two sets of hybrid seed- 
lings. 

In Phlox the SAT-chromosome is usually one of intermediate length with a 
sub-terminal centromere, the satellite being on the short arm. However, in 
P. stolonifera and P. ovata chromosome I is also the SAT-chromosome, and in 
P. carolina heterophylla and the horticultural hybrid P. procumbens the satel- 
lite is borne on the long arm of the SAT-chromosome. 

Considerable variation in the arm length ratio may occur for a chromosome 
in different plants within a species, as the SAT-chromosome of Phlox subulata 
which varies in arm ratio from .19 to .36. 

The chromosomes of Phlox nivalis and P. subulata are very similar; other 
species have quite different arm length ratios. 

The comparison of chromosome arm length ratios probably supports, or at 
least does not conflict with, the taxonomic division of the genus Phlox into 
the Subulatae, the Divaricatae, the Drummondianae, and the Ovatae, with 
two possible exceptions. Phlox bifida and P. pilosa may be more closely related 


than the taxonomic grouping indicates; the same may be said of P. buckleyi 
and P. Drummondii. 


The writer wishes to express his indebtedness to DR. ORLAND E. WHITE, 
Director of The Blandy Experimental Farm, for the use of laboratory facilities 
and materials and for his guidance. He also wishes to thank Dr. LADLEY 
HustTED for his helpful criticism. 
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